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ABSTRACT

As previously reported (2, 3), large-scale, principally
horizontal, motions have been cbserved in the solar photosphere.
These motions have a cellular appearance, with the flow proceeding
from the center of each "celli" toward the outer boundary, with
velocities of 0.3 - 0.5 km/sec. These cells are arranged in a
more-or-less regular pattern over the solar surface, with an
average cell diameter of 30000 - 35000 km. Cross-correlation
measurements obtained by superposition of velocity plates and

*

Ca II {A\3933) plates show that the K232 enission network occurs
directly above the boundaries of the velocity cells. Dowaward
velocities of 1.0 - 2.0 km/sec are observed in tne wings of

He (&A= 0.7A) and HB (AN = O.4A). These localized motions exist
in a network pattern which coincides with the position of the K232
emission and the velocity cell boundaries. The lifetime of the
K252 retwork has been measured by cross-correlating plates taken
at various time intervals, and has a mean life of 17 - 21 hours,
in excellent agreement with the findings of Macris (4, 5). Using
magnetograph measurements obtained by Howard (6), we find a very
high degree of correlation between the positions of weak magnetic

fields (1.5 - 15 gauss) and the Kozn network, the correlation in-

3
creasing as the field strength increases.

These observations suggest that the average solar magnetic
field (0.5 - 1.0 gauss) is swept to the cell boundaries by the

herizontal currents, and concentrates there in strengths several

imes greater than the average field. These narrow regions of



enhanced field strength could then account for the presence of the
K exmission at the cell boundaries, and perhaps also indirectly
for the downflow of chramospreric material in this region, ac well

mall "dots" of rising waterial seen at the edges of the
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downward flowins nebtwork, which may be spicules seen on the disc.
~> >

The origin of the "sioercranviaticon” mey be related TO neliwm
o o (&
1,
. . 3 - - - l-+ - .
ionizetion which occurs at & depth of 0.5 - 1.5 X 10 kn in the

sun. Most of these results nave already been reporied (7).
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I. INTRODUCTION

< B ~ 3 B T H N S P i = > - 3
The cbservations described in this thesis were mzinly

cotained with the 60 Toct solar tower telcoscope and 13 foot

ﬂ)

,-,-

spec%roheliegrapn at Mountv Wilson Coservatory during the swiaers
1961 and 1962, using special auxiliary epparatuses designed
by Professor leignton (5, 8). This equipment has been described
in great detail by Noyes {1); the reader is referred to his paper
(henceforth called simply "RW") if he w.cires more information
than that found in reference 3.
Many of the measurements discussed in the follcowing sections

e

iavolve line~of-sight velocities of motter in the solar atmosphere.

H
l,)

Using Leighton'’s appiratuses and well-kmown photograpnic subtraction
techniques, these velocities appear on "Doppler plates" as density
variations, which can then be analyzed by direct microphotometer
tracings or by the use of statistical correlavion methods. Inm
addition we have analyzed a number of regular speciroheliograms
taken in the K252 core of the Ca IT (A\3933) line. A third source
of data came from magnetographic (9, 10) observations of the solar
magnetic field made with the 150 foot solar tower telescope and
spectrograph at Mount Wilson. Some of these had been oblained
earlier by Howard (6), and some were made during 1962 by Howard
and tThe author.

In Part IT of this paper we describe briefly some of the basic

apparatus, observaticnal procedwures, and thecry. Tais is Iollowed



in Part III by a discussion of the tecimniques ard problems of
cdata reduction and an anelysis of correlation functions. Part
IV centains the bulk o this thesis, namely, a descripiion of
observaticns and results. Hinally in Port V we suamerize the
observations and ofler som2 suggestions as 1o thoir possible
interpretations.

Scaze of the results which are described in the following

sections have already been reported (2, 3, 7). Ia particular,
we shall often mention reference 3 in what follows, ard hence-

forth will refer to it as "INS."

the



II. Z2EASIC APPARATUS, CIZSERVATIONAL PROCEDURES, AND THECRY

* R - . S . 3. 3 - A e~ o~ 3 [ s v
Since the Specirshelicorinh and asscociaved equirnent have been
s

described in detail by RWH ard LIS, we will nere wmention oaly an
addition to the basic cpticel system which has been uwsed extensive-
nis tresis research. Tals ncu instrument, designed by
leighton, is a concave mirror of 30 foor focal lenzth nounted on

a rotating &rm, so that it can be easily swwyy either iunto the
observing or into tioe storage position. In the chserving position
this zirror rests directly above the fixed-positicon 21 foot focal

lengz

th mirror used for many years in maxing spectrohelicgrams
having an image diameter of 5 cm. Tae new nirrcr has a 10 inch
diemeter, with 5 and 7 inch aperture stovs also available. A flat
which also can be swung in and out of the telcscope's optical path,
returns the light to a focus at thre entrance slit of
heliomraph; the resulting imzage size is S.4% em.
For many appjlications this new image has several important

advantages over the 5 and 17 cn imeges available previously. The

added size (area ratio of 2.82) over the 5 cn imagze provides much

betier spatial resolution, yet permits side-by-side full disc

images of the sun to appear on the phnotographic plate when using
the splitter, an impossibility when employing the 17 cm image.

The advantage and importance of a full disc imcoe when one wlitempis
to line up two plates of the sun for cross correlations cennot be

-

overcmphasized, especially i the two plates show difTerent



Phenomena; e.g-, velocity cells and the Ca II network.
Unfortunately, one difficulty exists with the 8.4 cm
image, which prevents accurate photographic subtraction over the
entire image when combining plates for Doppler sums or differences:
The side-by-side images are approximately O.4 mm different in size
on the photographic plate. Thus any small-scale phenomena are
"washed-out" in the cancellation steps except over a very small
region of the sun.* The source of this difficulty had not been
located at the time of this writing. For the study of large cells
this error is not disastrous, since LC diameters are about 30000 km.
However, it prevented successful study of the narrow velocity net-
work seen in the wings of Ho and HB, and of small-scale low=-
strength magnetic fields by Leighton's method (8). 'These latter
two phenomens were thus investigated by other techniques, namely

the 17 cm image and the magnetograph, respectively.

B. Observational Procedures

The general method of data collection and reduction is
described in detail by RWN, pp. 14-20. In the present study,
which mainly involved the use of Doppler sum plates, the two plates
were normally taken about two to three minutes apart, so that the
small-scale oscillating field, analyzed by RWN (also see reference

11), is approximately 180° out of phase, and tends to "cancel

* At the center of the disc , an error of O.4 mm correéponds to
a solar distance of 6700 km for the 8.4 cm image.



itself out.”

Chservaetions were gencerally nade during periods of "good"”
atm spherib seeing beginning chortly aifter sunrise and con-
tinuing for up to two hours. In The otudy of the Ca II network
lifetime, specirohelicgrons vere tuken et two To Twelve hour
intervals over a TIfly howr period, waenever The sun was visible,
regardless of seeing conditionc.

Iaxrge cells were studied with the pholosvheric spectral lines

4 N . . i
Ca (A\6103), Ba  {AL55L), and Na (A\5896), while the chrcmospheric

. . - ‘s . + - .
network was investigated with the Ha, 13, and Ca (A3933) lines.

velocities 1s thatl describing the Dozpler shif't of a spectral
line. As discussed by RWN, rp. 24-27, we make & number of
assurptions:

1. A line-ci-sight velccity extending over an area large

.~ -

enouzh to be resolved by the instrumeni shifts the entire spectral

»

<t

line by an amount A\ = vi/c, without changing the shape or re-
sidual intensity of the line.

2. The slope of the line profile is constant over a wave-
length range larger than any Doppler shift encountered.

5. The speciral line is symmetric; heuce the slope has the

sara magnitaie but opposite sign at equidistant points on the



-

With these assumptions, the change in intersity &t corre-

A ) 5
sponding points on the two inages (taken ic opresite wings ¢of the
lire) is directly proportional to the velocity at that point, in-
creasing on oune image, cod decreasing an ejqual amount on the

other. Tnis can be expressed by the relatioa:

5_M_+Lh.%=iy_§_gl..12 “
a

I T T Ic ¢

where I is the intensity, M the waveleugth, v the velocity on
the sun, and ¢ the velocity of light. That is, we can describe
the variations of the velccity field by the intensity changes of

the light incident on the rhotographic plate as follicws:

I(x,y) = I (1 +8(2,y)), (2)

where I 1s the mesan intensity and (x,y) are the coordinates oa
the plate.
AV e

q e} . - - - . poS U S
Eguation 2 imvoives a fowwsth csowpiion; nanely, that only

ey Bl w e
jo e

Doppler shiflc chanze the Lizght intensizty. Actually there may be
other fluctuations, such as Terperciure chances (which are canceled

s g oS o ey el e \ .
out in the photosrorziic swotraction pricocy;, and other sources of

(¢}

"noise" (which miy or muy not cancel oui). A
error" on velocities duc Lo all sources oF error has been estimated
by RWN (pp. 31-30) as 30 - LO percent.
The fifth assuzyiicn concerns the phoii_vaphic plate sensiti-
vity (gamm). Ve asocwse That it is coastant over the range
intensities encountered, so that we may write for the trensmission

of the photographnic plate:

)

caservative "iimit of
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IITI. TECENIGUES AXD PROBILENS IN DATA REDUCTICN

3 ~ - T e
A The Garma Problen

The compleie dorxrota poccedirds nocossary O couvert an

INS end RWH in the data reduection ¢f e Doppler sum piate is that
the plate sensitivity {(goxrn) is constant ond eguel to wnity during
the four exposure and development stages required in the photo-
graphic subtracticn method. ILet us now consider the more general
case in which each gerza, thouzh ceonstant, moy differ from the
others. We use the syzbol y  Tor the gommma of the initiel exposure

and development stage carried cut at Mount Wilson Jbservatiory.

nd 2.5; ref. Rwi, figure

5

(Tais uswally has a value between 2.0
2-2(b)). For the four subsequent darirota stages we write 7.,

-

72, 73, and 7&’ waere 7y reiers ©o the Tirst coatact print stage,

75 +to the next {projection) stage, etc. Ior each stage which has
a gemma 7, we apply equation 3; namely, T = T (1 + ©) 7. Thus,
suppose that the transmission of the original violel-wing spectro-

heliogram is given by
T=7(1+ 5)-70
=15 ) ~ ()4')

then the contact print made from this plate has a transmission



r 7.7 7.7
T=7T:(1+8) og 1 TO(1 + 0 L

[ -~

()

where T in eguation 5 is not the scme as in equation 4. (T is

PR K ot mm AP e PR S oy - L
Just a normalization Jactor, cnd renresenis the average trans-

-+ e b P By N < et 2o T "y < 3 3 3
heliogram and ovtoin for the trancsmissica throurh the glued pair:

(1+8)2* (6)

all four darkroom stages, and resuits in the following Tinal

expression for the tramsmission of either mexber of a righi-left

AN R O TN O Ay P AN S )
5) {1 -8)

(7)

First note that y_ orpecrs as an exwncnent in all terms of

equation 7, and can be neglected since 7o also appears in the de-

nominator of 8, and effectively cancels itself out if we expan

o ~ 2 .
(1 +8) "=1+3 7o+ 58 7»(70 -2)+ .. .. (This cancellation
(3
is perfect through the second order expansion, and has an error
in the third order of .67 7063, which is negligible since & = 0.1

in most cases.) In the following equations we thus replace 9 by

* A right-left pair consists of two projection prints of a single

plate. These prinis are mirror images of each other, so that
vhey may be placed in register with their emlsions in ccantact.



' = 670 and remove y_ from it
v

prime in &' will 21so be dron

that the assumptions of the e
'S

=7, = 1, and th

73

equation 7 only to first orde

T =T (1+8)7° (1-
~T0(1 - 48)

which agrees with equatioan 2.
expansion leaves much to be d
and ® has the typical values

then the approximate values o

0.0827, errors of 23 percent

=10=

he exponents in equation 7. (The

ped for simplicity). Now consider

crlier papers are valid; i.e., that

hat 8 << 1, 59 that we need to expand
r in &. Then we get
8)? (€a)
(Sv)

15 of RWN. The accuracy of this

esired. I the garzmas are unity,
+ 0.1 as calculated by equation 8a,

® from equation 0o are -0.1234 and

and 17 percent, respectively.

as * 0.3, which lead

O

Occasionally, one encounters

and 0.1 104 percent and

iy

to approximate values -0.611 78, errors <

41 percent! The only justification for the use of equation Ob by

P
ek
P

INS and RWN was the resuiting simpl cation in analyzing auto-

correlation functions (ref. Section C, following). In the present
work, most of the calculations have been performed on an IBM 7090
canputer; hence the correct expression (equation 7) was used.

Next we investigated the magnitudes of 710 72, 73, and 7&'
Calibrated stepwedges were contact- and projection-printed
according to the standard procedures developed ecrlier for pro-

cessing Doppler plates. The transmission (Ti) through the original

stepwedge was compared with that (I%) of the printed siepwedge.
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The slope of the resulting T. vs Ti curve (on logarithmic paper)

is the negative of goxxie. These curves are shown in Figure

1{a). The numbers labeled C and ¥ clong thc boltom are the gammas
for the valves of 1a Ti indicated Ty the arrcws, C standing for
contact print, P for projection print. Over the range of Ti

values usually encountercd, y varies between 0.95 and 1.05 for

the contact stage; this Is reasoncbly constont and close 10 unity.
However, in the projection stcpe, 7 varies between 1.0 and 1. 4,
which can neither be called cconstant nor unity. With the present
developer formula and development time, one would require mucﬁ
denser projection prints in ovder to get onto the straight liue
portion of the curve, and even if this were done, the resultant
constant g&mma would ve between 1.3 and 1.4, Since this problem
unfortunately was not recognized until after all the Doprpler plates
had been processed, it wos decided to make an ex post facto attempt
to estimate the actusl gammas of the developed plates. An added
difficulty is that now even eguation 7 1s inaccurate, since both
72 and 7), (the projection stages) are variable quantities. There-

fore equation 7 was rewritten as

- 'Q
P = (=2

o\l + O/ (9)

where y is the average of (727j+ + 7172737u) and (71727u + 72737h)’

* Spezking in a strict photograpnic sense Juae calls this slope
"ecamma' only if it is comstant. We shall coatinue to use the term
"goxma' even if we are operating in the knee or shoulder of the

E-D curve, where the slope is changing.



Figure 1.

a)

b)

~]2=

In T, vs 1n T, for contact (C) and projecticn
(P) prinds. Nwbers labeled C and P indicate
plate sensitivity (gaxma) at various positions

along curve.

. \ . - . a2
Height of A~C function vs Doppler parameter ©
for three vaelues of v wing "hexagcnal-~cell

velocity" model. Dashed line is an ajpproximate

solution assuming validity of equation &b.
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and in which 1 and 7, are, we hoge, reasonable averages of these
two variables. This is adnitiedly not a very satisfactory solution
to a rather ccmplex provlem, but 1T is scxewhat betlier Thnan simply
using equation Yv. Previous cstinmcies of the error in velocities
due to deviations of gamra fram wiity were * 10 percent. In light
of these new difficulties, we must raise this error to 20 - 30

percent.

B. Tae Foreshortening-Removal Anparatus

In order to study the lifetime of the Ca II network (Part
Iv(D), following) by cross-correlation tecuniques it was
necessary to 'remove" the gecmetrical foreshortening of elements
on the sun as seen fram earth. This distortion has very much the
same appearance as the well-known barrel distortion. To counter-
act this effect, we deliberately introduced pincushion distortion
by placing a 6.5 inch diameter planoconvex condensing lens of 10
inch focal length directly above the photographic emulsion during
the projection-printing stage. OSince the apparent size of an
object on the sun is 5(8) = S, cos 8, we attempted by trial and
error to produce a distortion proportional to sec 6. With the
distorting lens removed, normal images with magnifications M = 1.0,
1.2, and 1.4 were formed in the focal plane. The distorting lens
was then introduced into the optical path, and the emulsion
exposed. (The slight amount of defocusing which resulted was

negligible.) Using the image of a piece of polar graph paper
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as a test plate, it was easy 1o measure the distortion with a

el

"comparator' normally used for measuring cosmic ray events. The
resulis are shown in Figure E:a), in which the dached line is the
correct sec 9 curve for a 17 cm solar image and the horizontal
line represents the usual uncorrected plate. It can be seen that
the M = 1.4 curve which »roved satisfactory lies within about one
percent of the correct curve out to a radius of 1.9 inches,* which
corresponds to 6 = 340. I we take 14° rer cay for the angular
rotational velocity of the sun, it is thus possible to follow an
object virtually distortionless across the sun frox sunrise on the
first day to sunset on the fifth day. In Figure 2(b) we show a
normal uncorrected photo on the top, and a corrected one under-

neath. The scale of the latter has been adjusted so that objects

at the center of the disc are of egqual size in the two images.

C. Correlation Functions

The analysis of data by correlation technigues has been dis-
cussed both by INS and RWN (pp. 20-24). They have also described
a machine for photometrically obtaining two-dimensional corre-

lation functions. For completeness we repeat the basic equation

* Iarger radil could not be used due to limitations of lens
size (6.5 inches) and plate size (4 X 5 inch).



Figure 2.

a)

b)

-16-

Foreshoriening removael through introduction of
pincushion distortican. Dashed line represents
perfect campensation for Iforeshoriening; hori-

zontal line illustrates usual wnceorrccted image.

Ca IT (Ks) vlate of 7/31/62. TUpper pacto is
wneorrected image; lower one 1s corrccted
image with M = 1.4%. Scale of photos agrees

at center of the disc (marked by X), but lower

image appears ldarger near edges of photo.
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for the correlation funciion C{s,t):

.

C(s,t) = % /] Tl(x;Y) T(x +s, ¥+t dA

|

fit
=

X (Tl(x,y) T2(x +5,y +)) (10)

where A is the arca of integration, T{x,y) is the transmission
of the photographic plate, and K is a normalization constant.

I T then C{s,t) is called an auto-correlation (A-C)

= T,,
function, and we redefine C(s,t) as AC(s,t). If T, is not equal

to T., then C(s,t) is a cross-correlation (C-C) function, and is

2
written CC(s,t).

Two pieces of information are casily extracted fram C(s,t)s
One is the fwll width at half-maxirnmm {FWHEM) and the other is the
height (H). The height is normally defined by

on)-\Amm) . (11)

C(oo )

For the study of large cells in Part IV it is necessary to
wnderstand the relatiounship between H and the actual velocity
field on the swn. To get a qualitative feeling for this relation
we shall first consider fouwr mathematically simple one-dimensional
transmission functions, as illustrated in Figure 3. These four
functicns are Gaussian, triangular, rectangular, and sinusoidal,
and each is shown both as a symmetric (S) and an antisymmetric
(A) function about the origin. The horizontal scale of each has

. . *
been chosen so that the traasmission goes TO zerd at X = + 1,

n which extends to infinity and whose scale
was oelecueu so tha he maximea transmission of the A function
occwrs at x * 0.5, in agreemcnt with the behavior of both the
triangular and sinusoidal models.

* Except for the Guu~31

o

<a

<+
%

o



Figure 3.

-19-

"Theoretical" A-C cwrves for the various one-di-
mensional symmetric and antisyrmetric functicus
shown in upper right-hand corner of each drawing.
The horizontal and vertical scales have veen

chosen arbitrarily for convenient intercoxparison.
a, Gaussian; b, triangular; c, rectangular; d, sinu-
soidal.



Figure 3



which correspond to the "cell boundaries;" i.e., the "cell size" 1s
L = 2.0. The vertical scale of each was chosen so that C(0) = 1.0,
for ease of intercomparison. The properties of {the resultant A-C

functions are sumnarized in Tadle 1.

Table 1
Function Type Xxin FWI4 H TH
Gaussian A 1.22 1.12 1.45 0.57
S 1.64 1.00
Triangular A 1.0 0.88 1.50 0.33
S 1.5y 1.00
Rectangular A 1.0 1.00 1.50 1.00
S 2.00 1.00
Sinusoidal A 1.0 0.92 1.50 0.50
S 1.56 1.00

Perhaps the most striking feature of these A-~C functions is
their similar appearance, despite the large variance in the origi-
nating functions. Several basic conclusions can be drawn. Anti-
symmetric functions always lead to a dip or "undershoot" in the
A-C function. If we measure H not by equation 11, but by the
total height from the top of the central maximm to the bottam
of the undershoot, we see that this height in every case is very
close to 1.5 times the height defined in equation 11. Secondly
we note that the different A-C functions lead to consistent values

for the FWHM. For A functions, the FWHM = 0.5 L, while S functions
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have FWiM's which are about 0.8 L. The cell size can also be

measured in the case of A functicns by the distance, 2xmi between

n’
the bottams of the wndershoots. This is roughly equal to the cell
size L.

By normalizing all the heighis C{0) to unity, we have hidden
the one feature which clearly differentiates the various functions.
Let us see what the unnormalized true height (TH) is for each case
if the propagating function has a maximum transmission of unity.
(This maximm occurs at x = O for S functions; at x = 0.5 for A
functions.) These results are also shown in Table 1. Although the
four true heights vary considerably, the two "reasonable," smoothly-
varying functions, namely the sinusoidal and Gaussian, still are in
good agreement.

All of the above qualitative discussion has been incorrect in
two respects. Firstly we have calculated one-dimensional rather
than two-dimensional integrals. Secondly we have assumed that the
transmission at the cell boundary goes to zero; on a photographic
plate it goes to an average transmission To. That is to say, we
have been using a function T = TOB, instead of the correct form
given in equation 9. The more accurate formulation is required
if we wish to interpret correctly the H vs & dependence. In-
serting equation 9 into equation 10, we have calculated the
necessary two-dimensional numerical integrals on an IBM 7090
computer, using Weddle's rule, for two mcdels. One is a sinu-
soidal function representing the horizontal velocity in large

cells which is discussed in detail in Part IV(4). Results for
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this model are shown in Figure 1(b) for three values of y. This
artificial garma is the averaze of the darkrooam gammas, namely

y = (71 Yy gt 71;)/4. The velues y = 1.20, 1.05, and 0.90
correspond rouchiv 1o the values encountercd in Na (k5896),

Ca (A6103), and Ba’ (Ak554) plates, respectively. Also included
is a_dashed line which represents the result one obtains by
assuming that all the garmas are unityvand by using the first
order expansion of eguation &%.

Not piectured is the second model which was used to interpret
aytocorrelations of the velocity network in Ha and HB, which will
be discussed in Part IV(E). These observations show that this
velocity network cccurs at the boundaries of the large cells,
and has a width approximately one-sixth of the average cell
diameter L. Therefore we express this symmetric velocity field

as an annulus with the fom

5(9:¢)
5(p,¢)

V, sin (371p/R) 2/3<$p/RS1 (12)

0 o/R>1; p/R<2/3 (13)

where (p,¢) are the co-ordinates of a plane-polar systen with origin
at the center of the cell. Note that equation 12 attains its maxi-
mm value at o = 5R/6 = L/2, where L is the cell diameter. These
expressions for 8(p,§) are put into equations 9 and 10 and again
integrated numerically to obtain H.

Finally, we must note that the above analysis has assumed

that all cells have equal sizes and velocities. This is far from
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the truth, so that the actual A-C functions obtained from large

cell plates must be interpreted as representing an sverage size and
velocity of 2ll the cells in the Tield of view. Also we have assumed
above that the value of C(s,t) is X TO2 if we auto-correlate over
separation distances larger than the cell size L. In actuality,

we usuwally observe a secondary maxiram at a distance L, due to
neighboring cells. Fortunately, these subsidiary maxima are uswlly
less than five percent of the central peak height H, and thus should
not introduce sizable errcrs into the results.

Before continuing to Part IV ard a description of the
observations, we should note one modification made to the corre-
lation machine (RWN, pp. 23-24) for the study of large cells. To
permit "eircwlar" scans parallel to the solar limb, a concentric
circular gear track was attached to several of the plete holders.
The plate holder was then rotated by a motor with a gear mounted
on a vertical drive-~shaft. For scans perpendicular to the solar

limb, the previously described "linear" drive mechanism was employed.
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IV. OBSERVATIONS AND RESULTS

In the following six sections, we shzll begin with a
description of the large-scale velocity cells. Then we will
discuss the correlation belween these cells and the Ca IT (K)
network. This will be followed by an analysis of two features
of the Ca II network itself, its spatial structure and its life-
time. In the fifth section we shall discuss the velocity network
seen in Ho and HB, and finally describe the correlation between

the Ca II network and low-intensity magnetic fields.

A. The Iarge-Scale Velocity Field

One of the most interesting phenomena discovered by Leighton
(2) in the first Doppler plates during the swmer of 1960 was a
system of "large cells" or "supergranulation," distributed rather
uniformly over the solar surface. Such a Doppler sum photograph,
taken in the wings (A = 0.07A) of the Ca (A6103) line with the
8.4 cm image, is shown in Figure 4. Three characteristics of
these large cells (often abbreviated henceforth as "IC") are
immediately apparent:

1. The cells virtually disappear into the grey background at
the center of the disc, implying that this velocity field comsists
mostly of horizontal motions on the solar surface.

2. Away Irom the center of the disc, most of the individual
cells, which range fram roughly 20000 - 5C000 kxm in size, have

a definite polarity, with a dark side toward the limb, a light



Figure L.

Doppler sua plate of 6/11/62 taken in Ca (N6103)
line. Note system of larze cells which discppear
at center of the disc. Dark regiomns correspond to

receding line-of=-sight velocities.



Figure 4



side nearer the center of the disc. On this photograph, dark
regions correspond to receding line-of-sight velocities, while
light areas are approaching.

3. In general the cells appear elongated parallel to the
limb, as if seen in projection. That is, if the cells were visible
at the disc center, they would have a rougnly circular or perhaps
polygonal plan form.

These observations teken together infer the existence of a

system of mainly horizontal currents on ithe sun, distributed in

cells several tens of thousands of kilometers in diameter, with
the motion in each cell proceeding from the center toward the
outer boundary.

Two other important properties of these cells are not
apparent in Figure 4. One is the long lifetime (= 20 hours) of
the cells,* which is clearly demonstrated by the strong moiré
pattern when two LC photos, taken several hours apart, are super-
imposed. The other property is the very faint appearance of rising
velocities at the center of each cell, and a network of descending
motions at the cell boundary, whiéh is visible under close in-
spection (and perhaps with a bit of the observer's imagination
added!) on some of these Doppler sum plates at the center of the
disec.

Before going further into & detailed study of these cells, it

The lifetime will be discussed in Section D, following.



should be pointed out that the existence of such large-scale hori-
zontal motions nas been suspected for many years, although they
have not been seen on spectrohelicgrams until now. Wasiutyunski
(12) has reported that Janssen, in his classical granulation
studies (13), discovered a 'photospheric net" in 1877, with the
.granules sharply defined along the polygonal sides of this network,
but obliterated or deformed within the polygons, as if distorted
by horizontal currents.* The first positive identification of
large-scale, long-~lived motions in the photosphere was made in
1954 by Hart, who discovered them wnile spectroscopically neasuring
the equatorial rotation of the sun {16). In a subsequent investi-
gation Miss Hart (17) found & subsidiary maximum at 26000 km in
velocity auto-correlations, and a lifetime of at least several
hours. Numerous other authors (18 - 22) have reported the
rresence of subsidiary maxima at roughly 15000 km while studying
brightness and/or velocity fluctuations of the small-scale granu-
lation field. Most recently, Evans and Michard (23) have confirmed
the observations of INS by finding large {10000 - 20000 km), non-
periodic, horizontal motions near the limb of the sun.

Iet us suppose now that it is possible to describe the velocity
in a typical "cell"” by !(p), where p is the radius vector of a

Plane polar co-ordinate system in the solar surface with origin

* Although Hansky (14) and Chevelier (15), who continued Janssen's
work, both suspected that this neitwork pattern was not a solar
phenomenon, but rather due to distortions of Jenssen's image due
to poor seeing conditions.
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at the center of the cell. The line-of-sight velocity caomponent

observed at an angle 9 Trom the vertical is then:
< = 4 7 )+ 7 = +
v, (x,2) F (o) k7 (p) =G +G, (14)

where Fh(p) and Fv(p) are the horizontal and vertical components
of V(p), respectively, u =cos 8, 8 =sin 8, z = y/y, x° +2° = p2,
and (x,y) are rectangular coordinztes on the photographic plate,
with x parallel to the solar limb. XNote that we compensate for
geometrical foreshortening by use of the coordinate z in place of y.
We do not know, of course, what is the form of the actual solar
functions F, and F . However, we saw in Fart III(C) that A-C
curves are quite insensitive to the exact shape of the transmission
function in the integrand; i.e., any "resonable" function will
suffice. We shall use functions very similar to those described by
Pellew and Southwell (24) for velocities in hexsgonal convection
cells, althouzh, of course, their idealized convection model with
fixed boundary conditions is certainly not a proper description of

the complex solar phenomenon we are observing. These descriptive,

though artificial, functions are:

F (p) =V, sin (2xp/L) (15)
ov
and Ev(p) = ——iz(s2 +8 - .5) (16)

where S = cos (4xp/3L) and L is the cell “"diameter.” Inserting



these functions in equation 14, we show schematically in Figure
5(a) the two components of VL(O,Z), the horizontal component Gy
with a solid line, the vertical GV by a dashed line.

Froa our remarks at the beginning of this section, it follows
that Vh > Vv' In addition, as we approach the limb, GV is Turther
reduced relative to Gh by the factor u/B = cin 6, until it is
practically negligible. This is apparent from Figure 5(b), an
actual microphotometer scan across a large cell, in a direction
perpendicular to the limb (i.e., V(0,z)). This typical tracing
shows a close resemblance to the sinusoidal character of Gh' Table
2 gives the average value of D and Vh from 45 such scans on 15
different cells In three different spectral lines. The quantity D
is the separation distance between the two peaks in the sinusoidal
velocity distribution; theoretically we thus expect thut L = 2D =
cell size. No appreciable difference is observed among the various
lines, although of course the number of samples is small, and the
results therefore statistically are notl too significant. The
quoted errors are standard deviations in the mean, and, in the
case of Vﬁ,
which may be as large as 20 - 30 percent. The distribution of D

do not include errors due to the uncertainty in gamma,

sizes is shown in Figure 6(a).

With considerable difficulty, a few structures were found, at
the center of the disc on the best IC plate studied, which may be
large cells. These appeared to have cores of rising material and

narrow boundaries of falling material. Microphotometer tracings
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Figure 5. a) Theoretical model of velocity distribution in a
large cell. Solid line represents horizontal

camponent G, ; the dashed lire represents vertical

h
ccmponent Gv'

b) Actual microphotameter tracing across & cell on
Ba'(\M4554) Doppler sum plate of 6/23/62. Note
similarity to solid line of Figure 5(a) above.



0.4

o
n

VELOCITY (km/sec)
o

|
O
o

-0.4

VELOCITY

1 | I | !

0 -L/2

l |

Bat (A 4554)
p=0.66

1 l I

2

Figure 5.

24 36 48
DISTANCE ON SUN (10%km)

Caption on facing page.

60



Figure 6.
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a) Histogram showing spread in D sizes for 45 micro-

b)

photometer tracings across large cells. Arrow

indicates mean value of D.

Distribution of distances L to first subsidiary
maxima on large cell A-C curves. L corresponds
to the cell "diameter."”
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Teble 2
Line Celis | Secans ! u | Image Size D Yh (xm/sec)
| L
Ca 610% 6 18 ! .52-.78 8.4 cm 11.6 + 0.8 0.45
Ba L55L 5 15 | .61-.77 8.4 cm | 14.0 £0.6| 0.4

Na 5896 I 12 L5~ .63 16.8 cm 13.6 + 0.7 0.38
TOTAL 15 45 45-.78 - 12.9 + 0.4 0.4k2

across four such objects yielded velocities Vv of 0.1% - 0.30 km/sec.
with an average of 0.20 km/sec. If these are indeed large cells,
then it would seem that the vertical velocity in a cell in general
does not exceed about 50 percent of the horizontal component.

To increase the statistical significance of the measurements,
we next analyzed the IC velocities and sizes with A-C functioms.
Since the functions Gv and Gh of equation 14 are symmetric and anti-

symmetric functions about the (x,z) origin, respectively, then cross-

*
terms in the A-C function disappear, and we can write:

o(s,6) = 8% ¢ (s,8) + u° C (5,t) (17)

where Ch and Cv, the A~C functions of the horizontal and vertical

velocities, respectively, are independent of &. The same result is
obtained if for example Gv is a random, or time-oscillating function
with (Gv)ave = 0, and G, is any arbitrary function. Rewriting

equation 17 in terms of the height (H) of the A-C function, and

noting that ue = 1 - 52, we get:

* This 1s strictly true only in the limit of very small velocities,

V4
such that we may write <%—§—g> ~ (1 + 26y).
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H=H_ + 52 (Hh - Hv)
which is a straight line when using (Bg,H) coordinates, such that
H=H, when 6 = 0°, and ¥ = H_when § = 90°.

Six 8.4 cm IC plates were studied by this technique. On each
plate 27 A-C scans were made at 13 different radial positions, the
field of view counsisting of annular openings with widths corre-
sponding to distances of 120000 - 170000 km on the sun. Fourteen
of the scans on each plate were made perpendicular to the solar
limb (the z direction), the others parallel to the limb. A com-
plete annulus was used for the "parallel" scamns, but only a 40°
sector centered on the z axis was open for the "perpendicular"
tracings. 'Results for one of the six plates are shown in Figure
7(a). It will be noted that H, and H, converge as 6 ~500, but
diverge as 6 —;900.* Also H, 1s larger than H“ . We have pointed
out in Part III(C) that H for an antisymmetric function (such as
Gh in equation 14 for scans perpendicular to the limb) is roughly
1.5 times the height of the corresponding symmetric function (Gh
scanned parallel to the limb). If we take the ratio HL/H” at the

limb (where H is due entirely to the horizontal motions) for the

(18)

six plates studied we find the average ratio to be 1.54, surprisingly

(and probably fortuitously) close to the predicted value. A typical

pair of actusl A-C scans is shown in Figure 8. These point out

the striking differences between the appearance of scans made

* The straight-line fits include only points for which 52 is
less than O.4. Beyond this point, as one approaches the limb
of the sun, loss of szatial resolution smears out or obscures
the contribution of the smaller elements, thus reducing the
height of the A-C curve.



Figure 7.

a)

Height of A«~C curve as function of sin26 for scans
rarallel and perpendicular to the limb; Ca (A6103)
plate of 6/23/62. Solid line is least-squares

£it of data for sin<0 < O.k.

Caxposite curve of FWHM vs sin 6 for all six cases
studied.
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Figure 8.
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a) Actual tracing of an A-C fumction scanned

b)

parallel to the limb.

Same region of same plate as in &) above;
scan perpendiculer to limb. Note secondary
raxima at 32 X 107 kn and 62 X 10° km.
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parallel and perpendicuiar to the limb, at the same place on a
single image of the sun.

Two other characteristics of such tracings can be seen in
Pgure 8. OCne is the smaller width (FWHM) of the scan perpen-
dicular to the limb, the second is the presence of secondary
maxima for the perpendicular scans.* For the hypothetical function
Fh(p) described in equation 15 the FWHM is 0.44L for perpendicular
scans, 0.64L for parallel scans, where L is the cell diameter. In
Figure 7(b) we have plotted the average FWEM versus B = sin 6 for
all six cases combined. The steady decrease in FfWHM as B — 0 is
due to the superposition of the large-scale mainly horizontal
motion and the small-scale mainly vertical oscillatory field dis-
cussed by RWN. As B — 1, this small-scale motion mainly disappears,
so that the remaining FWHM is due primarily to the large-scale
motion. A least-squares straight line fit to this data gives a
FWEM at 6 = 90° of 15.3 X 10° km and 16.2 X 10° km for the perpen-
dicuwlar and parallel scans, respectively. Using the theoretical
relation above between FVWHM and L, we then obtain an average cell

3 3 . >
size of 34.8 X 107 ¥m and 25.3 X 10” km, respectively. Since

% In perpendicular-to-the-limb scans, secondary maxima occur
almost 100 percent of the time, while only occasional (perhaps
10 percent) varallel-to-1limb scans show weak secondary maxima.

** Note that the FWHM values gquoted above agree very well with those
published in LNS. However, an error was made in INS in equating
the WM to the cell size; subsequent analysis of A-C functions
indicates that L, not FWEM, is more representative of the cell
size, where L = 2 FWHM; i.e., about 30C00 km.
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these latter two numbers should agree 1f our model is correct,
either the model is not too successlul in this regard, or else
there still remains enough small-scale field (even at 8 = 900)
to mask out most of the predicted size difference between the two

types of scans. However, the model is at least gualitatively

correct, because in every case studied, the FWHM for parallel scauns
was larger than for perpendicular ores. In addition, it is worth
noting that the above results demonstrate the approximately poly-
gonal, or circular, cell shape, since the perpendicular scans have
all been corrected for geometrical foreshértening, while the paral-~
lel scans have not, and yet both types lead to roughly equal cell
sizes.

The secondary maxima imply some sort of periodicity or local
order to the cell structure. That is, we can define an average
"cell spacing" or "cell diameter" by & quantity L. Sometimes, as
in Figure 8(b), we are able to see a second, and occasionally even
a third subsidiary maximum. Returning to Figure 6(b), we have
plotted the distribution of the distances to the first subsidiary
maximum for 132 measurements from A-C tracings of the six plates
studied. The average value for L is 32.5 X 10° kum. Since the
range of L sizes varies from 20000 - 54000 km, one concludes that
there exists a large spread in cell sizes, and at most we can claim
only a quasi-periodicity for the cell spacing. This problem will
be discussed further in Sectlons B and C, following.

let us return now to the interpretation of the heights of
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the A-C curves. Since the sinusoidal velocity distribution seems
to be a reasonable approximation to the true velocity variation
across a large cell, we have calculated the H vs. ® dependence of
this function for several values of garma, as discussed earlier in
Part III(A), and as shown in Figure 1{b). From the measured values
of H (at the limb, where H is primarily due to the large-scale
velocity field), we read the value of & from Figure 1(b), and then
compute the velocity V. of equation 15 directly from the Doppler

h
equation 1. The results of these calculations are shown in Table 3.

Table 5
Case Date Line Yy (xm/sec)
1 6-11-62 Ca 6103 0.4k2
2 6-23-62 Ca 6103 0.35
3 6-27-62 Ca 6103 0.31
L 6-23-62 Ba L55h 0.31
5 7-2-62 Ba 4554 0.34
6 7-2-62 Ba 455 0.37

The average velocity from these six plates is 0.35 km/sec. Although
the agreement between the velocities fram the Ca (A6103) and the

Ba II (AM4554) plates appears to be excellent, this may be
fortuitous, since the large uncertainty in garma remains an un-
known factor in these calculations. Comparing these velocities

with those obtained from the direct microphotometer tracings shown
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in Teble 2, we note that the A-C scans give slightly smaller
velocitie5. This is to be expected, since the A-C function is
integrated over many cells, while the direct tracings were made
across a few chosen cells which clearly had a "proper" cell
appearance, and particularly good contrast (i.e., large velocity)
between the dark and light helves of the cell.

There remains still the problem of the vertical motions in the
large cells, which would be given by H at the center of the disc.
Unfortumately there remains at the disc center the oscillating
small scale field described by RWN. We have tried to eliminate
this by forming Doppler sums from plates taken half an oscillation
pericd apart, so that the small-scale contrast is at a mininmm,
also by use of the 8.4 cm image, rather then the 16.8 cm one, and
finally by slight defocusing of the image. However, some of this
granular motion remains, and is inseparably mixed with the large
cell vertical motion. Thus it is not worthwhile analyzing H at the
center of the disc in more than a short qualitative manner. The
average height on these six plates at the center of the disc is
about 55 percent of the height at the limb. Since the velocity
goes roughly as the square root of the A-C height, this would
imply vertical velocities about 75 percent of the horizontal
velocities., Thus the upper limit for the vertical cell velocity
is about 0.25 km/sec, assuming none of the height is due to the
granulation field. This is, of course, very improbable. It seems

much more likely that the center-of-the-disc height is due primarily



to the small-scale motion, since we recall that the FWHM in Figure
7(b) decreased sharply as cne approaches the center of the disc.
Thus our second attempt to definitcly establish a large cell
vertical motion also ccmes to an inconclusive end.

To conclude this section we note that if we take the measured
cell spacing L, and campute the number of cells on the solar
surface by the relation N = %REO/L?' we find N = 5.8 x 10°.

Actual counts yield numbers in the range 4.0 - 5.5 X 103, indi-
cating that the density of cells is not perfectly uniform or close-~

packed, a fact easily seen upon close inspection of a IC plate.

B. Correlation Between the Iarge Cells and the Ca IT Network

In the previous section we have described a system of velocity
cells which is distributed in a fairly uniform fashion across the
solar surface. Immediately after discovery of the large cells, it was
noticed that a ratcher strong moiré pattern could be produced by super-

imposing a cell plate upon a Ca II (K ) spectroheliogram, and

232
sliding one plate slowly across the other. This moird pattern
usually extends over two to four cell diameters, and persists even
if the two plates were taken several hours apart. Not only did this
imply at least a quasi-periodicity in the observed structures, but
also a relatively long lifetime, of perhaps many hours. In this
section we shall describe two methods which were used to prove

that the boundaries of the large cells coincide with the positions

of the emission network visible in the K

o3 COTE of Ca II (A3933).
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In the following two sections we shall then discuss the periodicity

and lifetime of the network, respectively.

l. Correlation by Counting Individual Cells

The first successful attempt to describe quantitatively the
correlation between the Ca II network and the large cells (hence-
forth called "K-IC correlation") was made as follows: An 8.4 em
K plate was placed in an enlarger and projected as a 46 cm image
on a sheet of white paper. A drawing was made of the emission net-
work. Then an 8.4 em IC plate, taken within an hour or so of the X
plate, was enlarged to the same scale, and a drawing made of &all
structures which appeared as cells to the viewer.* One observer
then placed the two drawings in register and made four sets of
identifying marks, one with the drawings in proper registration
and three with one drawing rotated at successive 90O intervals.

A second observer, who did not know which set of marks corresponded
to the correct alignment, then measured the K-IC correlation for
all four orientations of the two drawings in the following manner:
The two figures were placed on a light box. Each cell on the IC
drawing was assigned a letter C or A. A value "C" indicated that
the cell "correlated;” i.e., it lay within or just touched the
boundary of a K network polygon; an assignment "A" meant "anti-

correlation;"” i.e., the cell was intersected by one or more pieces

* To qualify as a cell, the object had to have the "right" polarity;
i.e., receding velocitiy in the half of the cell nearer the limb
af the sun.



of the K network structure. few cells, though not intersected
by the K network, were not counted as C, if they were a large
distance (roughly more then cne cell diameter) away from the
nearest network piece. These cells were thrown out. This pro-
cedure was carried out twice (Lo check the observer's judgment
consistency) for each of the four orientations, and for four pairs
of drawings. Two of the ILC drawings were made from Ca (A6103)
plates; two used Baf(M554).

For each pair of drawings, the three 'wrong alignment"
positions measured the probability P that a randomly placed, wm-
correlated cell would appear as a "C" cell. In the correct
orientation, the actual correlaﬁicn was measured in terms of the
number of C cells relative to the total number N counted; i.e.,
N=C+A. In terms of the quantity P defined above, the probability
that at least C correlations would be observed in N trials, if the
distribution of the cells is randam, (i.e., uncorrelated with the
K network) is given by the cuwmilative binomial probability E

(c; N, P):

N
E(C; N, P) = > L pro(1-p)N -1 (19)
HOIEYE
T TN TF )

For the four pairs of drawings investigated, the results are
shown in Table 4.

Looking first at Cases 1 - 3, each of which involved plates
with time differences less than a hour, one is immediately struck

by the extremely swall probability that the measured correlation is
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Toble b
Case | Type Date | At | N C P ¢/N| E
1 Ca-K 6-27-62 | 12% | kg2 | 287 | .540 | .786 | 3 x 10722

Ba-K 6-23-62 | 6™ 39k | 221 | .511 | 587 | 4 X 1070

Ca-X 6-20-62 | L9 {275 | 185 | 482 | 672 | 3 X 10730

= WD

Ba-K | 7-2-62 | 96" |67k | 386 | .603 | .573|  0.92

due to randcm statistical fluctuations in the cell-network distri-
bution. Or, saying it in a more positive fashion, the very high
(well over 99 percent) probability that the observed correlation
is real.

However, in Case L4, one notes that the ratio C/N is only .573,
actually less than P, while in the other cases, C/N is always
greater than P. That is, the cells in Case 4 appear to be anti-
correlated with the X metwork. This 1s borne out by the large
value of E, which is over 90 percent. The time interval for this
case probably explains the discrepancy. In 96 minutes, objects
within %0° or so from the solar equator will move roughly 10000 km
across the swrface. This 1s approximately 1/3 the average network
diameter (see Section C, following); thus many of the cells which
correlated with the K network at &t = 0 will now have moved enough
t0 be intersected by segments of the K network.

Another point worth mentioning is the significance of the
calculated values of E, which is seen to vary tremendously from

case to case, over many powers of ten. For the large values of N



and C used in the E calcwlation, a small change in N or C causes an
inordinately large chance in E. Thus a small difference from trial
to trial in the observer's Julpment regarding whether a cell is to
be counted as an A cr a C, becames unreasonably important to the
answer. For example, in Case 3, a counting difference of two
cells in N and C changed E by a factor of 13. In Table 4, we
have quoted the average value of the two trials for each case.
It should be pointed oul that this type of behavior appears only
in the extreme tail of the probability distribution curve: the E
variation is much more gradual in Cases 2 and 4 than in 1 and 3.
Several other factors affect the value of E. These include
the ability of the observer to correctly identify what cells are
when making the drawing, his accuracy in aligning the tﬁo drawings
and enlarging them to the same scale, '"seeing" quality of the two
plates, etc. Probably another significant coniributor 1s the sub-
conscious prejudice of the observer. When the correlation is very
good, it is inmediately obvious to him that the drawings are in
proper alignment. Thus in Case 1, which had by far the best corre-
lation due to excellent seeing and a very small At, the observer
counted 18 fewer C's on the second trial then the first. This was
by far the largest trial-to-trial variation of any of the four
cases. It indicates either that the observer got a bit too en-
thused about the obviously '"good" result on the first trial, or,
what is more likely, he became too critical in his Judgments on the

second trial in the fear of having favorably prejudiced his first
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results! This difference of 18 C's changed E by at least a
factor of 1016!

Thus we conclude that we cannot talie the exact measured values
of E too seriously, especilally when iﬁ takes on extreme values.
However, it seems safe to say that this method has been successiul
in demonstrating that a very strong correlation exists between the
large cells and the Ca II network; this correlation is of a form
such that the velocity cells are enclosed by the polygonal structure

of the K network, not intersected by it.

2. Correlstion From Direct Cross-Correlation Measurements

Since the above method proved the spatial coincidence of the
cell boundaries and the K network, a new effort was made to verify
this correlation directly from plates without recourse to an inter-
mediate stage involving drawings. A similar attempt had failed in
1961 because of the great difficulty in aligning properly the two
plates (17 cm. Doppler plates generally do not show’opposite limbs
of the sun). This problen wes eliminated through use of the new
8.4 em full-disc Doppler images available in 1962.

Consider the very schematic one-dimensional drawing of a
superposition oif the cells and K network, shown in Figure 9(a).
Three cells are shown, one at the center of the disc, and one
each on the "left" and "right" side of the disc, as seen by the
observer. Thne dashed lines refer to the X emission network, the
solid lines to the velocity field (assumed to be mainly hori-

zontal motion in the left and right cells, and vertical at the
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Figure 9. Schematic model of K-IC correlation.
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center). The x-axis represents displacement along the solar
swface, the vertical axis transmission on the plates. In the
plates studied, the polarities were such that both the K network
and receding line-of-sight velocities appeared as lighter than the
average transmission. Thus a displacement of the left cell to the
left (relative to the K plate) by an amount C, or the right cell
to the right a similar distance, should produce a relative
maximum, since then bright objects would coincide with bright
objects. Conversely, a displacement by the left cell to the right,
or the right cell to the left, would superimpose dark and light
objects, and result in a relative minimum. Both of these effects
could easily be seen with the eye wheun two such plates were
superimposed, especially the transmission minimum, which produced
a featureless flat grey appearance. At the center of the disc,
wheré we assume that the motion is up at the cell center, dovmward
at the edges, one would expect a relative maximm when the displace-
ment is zero. With the eye it was extremely difficult to detect
more than a faint hint that such a maximm might exist, demon-
strating again that the vertical cell motion is either very small
or covered up by the small scale oscillating field.*

These relative maxima and minims in the cross-correlation
function are shown schematically in Figure 9(b), where the left

sketch refers to the left cell, the right figure to the behavior at

* Tn this study we again tried to elizinate as much of the small
scale noise as possible, by using Doppler plates taken 2 - 3
minutes apart, approximately half of the oscillation period; thus
in a Doppler sum plate, the oscillatory rield tends to "cancel
itself out."
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the disc center. (The right cell C-C function obviously is equal
to that for the left cell, if we change x to -x.) In the left-
hand sketch, a series of successive maxima (1X, 2X, 3X) and minima
(1M, 2M, 2M) are shown. Whether all of these peaks appear depends
on the regularity of the velocity cell and K network spacing. If
we define the distance (in Figure 9(a)) between the velocity cell
maximm and minimm as D, and the cell size as L, then the cross
correlation curve in Figure 9(b, left) measures various distances
which are combinations of D, L, end C = (L - D)/2. If all six of
the drawn peaks exist, then 15 such corbinations can be measured
in a single C-C run, thus providing a wealth of statistical in-
formation from a relatively small number of tracings. (Compare
this to a typical A-C run, which gives but one measwrement of L,
and one of the FWHM, a quantity roughly equal to D.)

Such cross-correlations were measured on three pairs of
Ca (A6103) and Ca II (A3933) plates, as shown in Table 5. The
quantity At refers to the time difference between the cell plate
and the K plate, AT to the time difference at the center of the
disc between the two plates used in making Doppler sum, and L, R,
and C to the number of tracings made on left, right, and center of
disc cells.

An L (or R) tracing was made at 10 different radii each
0.2 inch wide (on the 3.3 inch diameter image), by masking out
all of the annulus except a narrow sector of 40O degrees on the
left (right) side of the image. The open sector was centered

on the x axis; i.e., along the direction of scan, which was
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Teble 5
Case Date ot AT L R C
1 6-11-62 | 102" | 165° | 10 6 N
2 6-22-62 o™ | 154° 6 10 "
3 6-23-62 48" | 129° 9 10 4

perpendicular to the limb of the sun. For each L and R tracing,
the locations of all the maxima and minima were recorded (as
positions of the micrometer on the correlation machine). These
data, plus the value of u, were fed into a 7090 computer, which
corrected for geometrical foreshortening, transformed the micro-
meter readings into kilameters on the sun, cambined all the tracings,
least-square analyzed the data, and produced the results shown in
Table 6. A typical cross-correlation tracing for a "right" cell
is shown in Figure 10(a). Note the similarity between this
actual tracing and the schematic model of Figure 9(b, left), with
x = 0 occurring between 1M and 1X.

In Table 6 the numbers N, Nj, and N, refer to the number of
‘measurements of L, D, and C. The quoted values of L, D, and C are
the averaged results, all points more than three standard deviations
from the mean having been discarded. The error refers to the
standard deviation in the mean.

Several interesting points should be noted. Firstly, as

expected, the value of L agrees gquite well with that found in

Section A for the distance to the subsidiary maximum in the large
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Figure 10. a) Actuzl C-C tracing across a "right" cell. Note
the close similarity to the schematic model
in Figuwre 9(b, left). However, the polarities
are reversed, since the model is of a "left"
cell. Plates taken 6/11/62.

b) Actual tracings across a "center" cell on the
same plates as in a). In this case too, the
agreement with the model in Figure 9(b, right)
is very gocd.
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Case L N D % c e
1 30.4 * 0.7 57 15.9 + 0.9 29 T4 £ .3 31
2 29.0 + 1.0 39 16.2 £ 1.1 20 6.6 + .4 28
3 31.8 # 1.1 46 17.3 + 1.1 28 7.3 £ .3 29
TOTAL | 30.8 + 0.6 | 142 16.5 + 0.6 il 7.1 .2 88

(Note: L, D, and C are in thousands of kilometers)

cell A-C curves, and with the spacing of the K network to be discussed
in Section C which follows. Secondly, D agrees very well with the
FWHM measurements of Section A. Thirdly, if the horizontal velocity
Tield has the previcusly assumed sinusoidal form, we would expect
that L = 2D = 4C.” From Table 6 we find that D/L is equal to .53,
indicating that our crude model contains some semblance of reality.
In addition, the cross-correlation tracings confirmed in every case
the right - left odd parity of mexima and minima formation seen by
the eye, described earlier. Fourthly, what about the regularity

of the cell structure? On the 51 R-L tracings which showed 102
first maxima and minima, there were 77 second and 37 third maxima
and minima. No peaks beyond the third order were recorded, although
a few existed. These figures suggest that some local order exists
in the cell structure, extending perhaps over two or three cell

diameters. But the reader is warned ito realize that a third order

* This is true for & rectangular cell plan form. For a circular
plan form, the ratio D/L is not .50, but .57.
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maximum is not symonymous with a correlation extending across
three cells, bul only extending to the first neighboring cell.
Referring back to Figure 9(b), one can see that the distance to
the first peaks is C, to the second is C + D; both of these are
less than the cell spacing L. Only the third order peak involves
a displacement which is slightly larger than L, and thus clearly
extends into the neighboring cell. Further evidence for the lack
of a precise regularity in the spacing and/or size of the cell
system is the spread in L and D sizes, shown in Figure 11.

S0 far we have saild nothing about the very important maximm
whose existence was predicted by our mcdel (Figure 9), for corre-
lations at the center of the disc. The significance of such a
maximm, as has been pointed out above, is that it would confirm
the existence of downward vertical motions at the cell boundaries
and/or upwerd motions at the cell center.

On each of the three pairs of plates, four scans were made at
the center of the disc. A typical tracing is shown in Figure 10(b).
Note that the central peak occurs at x = 0, 1In agreement with the
schematic model (Figure 9(b, right)). The fields of view con-
sisted of dises 0.2, 0.3, 0.4, and 0.5 inches in radius. Each
of these twelve C~C runs demonstrated a maximm, Jjust as predicted.
However the height of the maximum, expressed as a percentage change
in the transmission through the two plates, ranged between 0.08
percent and 0.6 percent, making it quite obvious why these maxima
were difficult to see by eye (It was even hard for the photamulti~

plier tube!). Indeed, they were so small that one would normally
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tend to discard them as being due to randam noise fluctuations,
except for one very important property which all but one of these
maxina possessed: Trney occurred not more than O.1 mm* from the
position in which the two plales were in perfect registration;
i.e., at x = 0, exactly as predicted.

In order that we could make the above assertion, it was first
necessary to determine what micrometer setting corresponded to
x =0, Todo this, we assumed what we wished to prove, and then
checked for consistency. The average micrometer setting for the
12 center-of-disc maxima was calculated and defined to be Xy Then
the distance (in ku on the sun) was measured from X to each of the
R-L first maxima and minima. Referring to Figure 9, the distances
to all of the "left-haended" peazks (i.e., displacements to the
left; namely, to 1X for a "left" cell, to 1M for a "right" cell)
were averaged together; similarly for a1l the "right-handed" peaks.
Ifr X, is a good zero, then the two distances should be equal. The
two calculated average distances were 7.78 X lO3 km and 7.75 X lO3 km.
That these numbers agree to 30 km is obviously fortuitous; that
they agree within one or two thousand kilometers is important,
and seems 1o prove that the center-of-disc maxima at xo are not
merely .jurious fluctuations, but are really telling us that small
vertical velocities do indeed exist in the large cells. This

would confirm the shaky evidence seen in the microphotometer

* A distance of 0.1 mm on the 8.38 cm image corresponds to about
1700 km on the sun.
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tracings described in Section A.
Finally, we must determine how sirong the correlation i.
between the large cells and the Ca II network. In terms of the

A-C functions (Ac)l and (AC)2 of two transmission functions T,

and Té, we define the normalized C-C function F as
H (X - 1)
P o= €< / (20)

]

: 1/2
Hac(K) X HaC(LC)]

-

f

where 'I‘1 refers to the K transmission function and T2 to the IC
function. We have computed F for each of the 51 C-C runs, and
plotted as circles in Figure 12, the average F celculated by
combining the results of all three cases, at each radius. Points
which have R > 1.0 inch (6 > 370) should probably be disregarded,
since the behavior beccmes irreguler beyond this point. These re-
sults will now be compared with the simple schematic model pictured
previously in Figure 9.

For the large cells, we adopt the "hexagonal-cell” velocity
field described in Section A, while for the Ca II emission, we use
the symmetric transmission function T(p) = sin =(2p/R + 1) for
.5 < o/R <1, and T(p) = O elsewhere. This latter function is an
annular transmission region which has a maximm at p, = -T5R. In
meking the cross correlation, we changed the scale so that Pg?
not R, would represent one-half the cell size L. This then
necessitated scaling down the size of the hexagonal velocity
Pattern, 50 that the sine function would zo to zero at the new

cell boundary Pye A series of such C-C functions was computed
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by the 7090, using three values for the ratio (Rv) of vertical

to horizontal velccity in the large cell; namely, 0.05, 0.1, and
0.2. Tae theorctical values of F (equation 20) were then camputed.
In doing this, an attempt was made to compensate for the small-
scale noise always present in the large cell A-C curves. For the
three plates used for this study, the noise ratio HO/HL (ref.
Section A) was about 0.20;* the resulting change in F was computed.
In Figure 11 we see the theoretical curves of F for the three values
of Rv. In the region where R-L rums were made (R > 0.5 inch),-the
three theoretical curves virtually coincide, and increase to the
right as sinea. The measured values of F range from 50 percent

of the theoretical value at R = 0.5, to 70 percent at R = 1.0.

In the center-of-disc region (R < 0.4 inch), the theoretical curves
are very sensitive to the ratio Rv' If we assume that here the
measured values are also about 60 percent or so of the theoretical,
then a value of Rv between 0.05 and 0.1 seems to fit the data best;
that is, the vertical velocity in the cells is between 5 and 10 per-
cent of the horizonmtal camponent. It will be recalled that the
microphotometer tracings in Section A implied that the stronger
vertical velocities might occasionally reach 50 percent of the
horizontal component. If both of these sets of numbers één be
believed, then we conclude that vertical velocities do indeed

exist in the large cells. However, these velocities are in general

* Ho refers to the A-C height at the center of the disc due to
granulation, while H. is the height at the limb, due primarily
L
to large-scale fields.
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very small relative to the horizontal motion, a fact already con-
firmed by visual inspection of large cell plates.

Of course there is the very real danger thet we may be tfying
to extract more information out of our large cell model than is
Justifiable. The strongest evidence that the model is at least
qualitatively correct was given by the correct predictions con-
cerning (l) the polarities of the maxima and minima on the R-L
runs, and {2) the position of the maximumm for the center-of-dise
scans. To these two successes we can now add the fact that the
shape of the theoretical F vs R dependence agrecs very well with
that of the experimental data, in Figure 12, even though the
magnitude is too high. But one would expect the magnitude to be
different, even if the model were perfect, because certainly the
K-IC correlation isn't campletely one-to-one. If the correlation
is truly about 60 percent, as the model indicates, then these re-
sults very sirongly corroborate those found with the cell-by-cell
counting technique discussed in the first part of this section;
namely, that the boundaries of the large cells generally coincide
with the Ca IT emission network.

Iet us now turn to a more detailed study of the Ca II network

itself.

C. Spatial FPeriodieity of the Ca II Network

The existeunce of a coarse polygonal network pattern in
spectroheliograrzs taken in the KA?Q core of Ca II was first re-
<l

ported by Deslandres (25) in 1899, and has been discussed by
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numerous authors since that time. We have already presented a
photo of this network in Figure 2. Close inspection of This net-
work structure quickly reveals two feztures: (a) There is a

large spread in the sizes of the polygon "diameters" or "mesh-
widths," which, for example, Rogerson (31) measured as 25000 to
70000 ¥m. (b) To speak of a "meshwidth" at all is somewhat
dangerous since most of the polygous are quite irregular in shape,
and moreover are usually fragmented, with one or more sides
missing.

Yet there is little doubt that there exists some sort of
"oharacteristic" size to the structure, with at least a quasi-
pericdic sfacing over small distances. IT this were not true,
it would have been irmpossible to obtéin the high degree of spatial
correlation between Ca II emission and the large-scale velocity
cells, discussed in the previous section. Nor could one other-
wise explain the very strong moiré effect when one member of a Ca
IT right-left pair is moved across its mirror image.

Using auto-correlation analysis of right-left pairs, two
measurements were made of the network pattern. In the first
of these, seven 17 ca images, taken at various positions within
0.2A of the A3933 line-center during the sumrer of 1961, were re-~
duced in size to a diameter of 3.70 inches so that the entire
solar disc would fit into the 3.75 inch orening of the corre-
lation machine plate holders. Using the circular scan drive,

a series of auto-correlations was obtained for ten successive
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annular regions, each 0.2 inch wide. That is, all of these tracings
were made parallel to the limb, at various radii. TFor the second
study, six 17 cm 1602 plates were treated by the foreshortening-
removal apparatus. Then two linear runs were made on each, at

the center of the disc, one in a roughly N-S heliographic

direction, the other E-W.

Results for the first case are shown in Figure 13. In 13(a)
the FWEM (interpreted as the average width of the network emission -
the thickness of the polygon sides) for all 61 tracings are plotted
as a function of annulus radius, while in 13(b) is shown the
distance I (the "meshwidth") to the first subsidiary maximm for
102 measurements. Superimposed on the data in each figure is a
horizontal dashed line representing the mean value, and a cubic
least squares fit giving the radial dependence of the data.

The apparent minimm in the FWHM data at about r = 1.0 inch
(6 = 530) should not be taken seriously. One would expect that as
one approached the center of the disc the FWEM would steadily de-
¢rease, since more and more of the fine mottling would be re-
solved. The slight rise in FWHM at small radius is probably due
to the smearing effect of the ciréular scan: If ry and r2 are the
inner and outer radii of the annulus,* the arc lengths s, = rl(A¢)
and s, = re(éﬁ) will be very different if r, and r

2 2

for r = .3, a solar feature of length s will move in and out of

are small. Thus,

* The quantity r plotted in Figure 13 is the average of rl and
T,
2
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Resvlts fram auto-correlaticas of the X nebwork.
a) FWHM vs redivs. D) I vs radius. Dashed
lines are mean values averaged over all radii.
Solid lines are least-squares fits to the data.
The radius values refer to a solar image of 3.70

inch diameter.
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register about twice as fast if it is near Tp than if it is close
to ry- Alternativeiy, the minimum may be due merely to the poor
statistics; namely, the small number of data points and the large
srread in their valuss.

The average IWiM for thcse cases which hed the exit slit
centered on ng is 6000 - 7000 km; for K,j plates the average is
G000 - 10000 km. The difference is due 10 the relative amounts
of fine mottling mixed with the coerse mottle-network emission.
The K3 values are probably closer to the true network emission
widths, since they are freer of the fine structure. Recalling
from the auto-correlation analysis (Part III(C)) that for a
symretric transmission function, the FWHM is roughly 80 percent of
the true width, we conclude that the average thickness of a poly-
gonal side is approximately 11000 - 13000 km.

In Figure 13(b) the increase in L with increasing radius is
probably due to the disappearance or overlapping of the finer
network features near the limb, so that the apparent meshwidth
increases.

Consider next the runs made at the center of the disc with
the foreshortening~removed plates. Here the fine mottling is
relatively important; thus the average FWHM is only 7.7 X lO5 km.
3

For the average L we obtain 30 X 107 km, samewhat less than the
34 x lO3 ¥m measured in the circular scans.
Since secondary raxima in auto-correlation functions are

interpreted as evidence for a periodicity in the observed phenomenon,
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the above results would seem to imply the existence of a regular
networi pattern in Co II cmission with a cell size or meshwidth _

L = 30000 - 35000 kn. Thus o composite curve in which one averages
together many individual aulo-correlations should show a strong
maximm at a distance L. OSuch a composite curve was made from the
circular scan data, and campletely failed to corrcborate the maxi-
mm seen in each of the individual cases. Apparently the spread

in the individual L's was such that minime on some curves coincided
with maxima on others, the net effect being to "wash out" the hoped-
for maximum at 30000 - 35000 xa.

t is therefore necessary to consider in scme detail the

istrivution of L sizes, and to investigate whether the previously
asserted "meshwidth" is indeed a real quantity, or merely the product
of spurious elfects. In the following discussion we shall analyze
together the four different measurerments of cell size L which we
have cbtained: 1. The circular scan data of this section. 2. The

-

linear scan da*a of this section. 3. The large cell data (perpen-
dicular to the limb) of Part IV(A). U. The K~IC data of Part
IV(B). (These four types of L will be labeled L1, L2, L3, and Lk
in what follows). We have included L3 and Ik in this discussion
since we have shown in Part IV(B) that the velocity cells and the
Ca II network are essentially in one-to-one spatial correspondence.
Already in Figure 6 and Figure 10 we had drawn histograms for
13 and Ik. Two more histograms, for Ll and L2, cre now shown in
Figure 1k, and a final couposite histogram, combining together all

399 measurements of L, in Figure 15(z). 4 typical auto-correlation
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tracing of the K network is shown in Figure 15(b). Of all the
histograms, only the camposite one shows the expected "normal”
distribution of sizes, with o definite strong peak in the distri-
bution. This is probably due to the wide spread in L sizes, s0
that the individual cases do not contain enough data points to
achieve "good" statisties. In particular note that Figure 14(a)

has a double peak, with a dip between, s5 that it is not surprising
thét the composite auto-correlation curve failed to show a
secondary maximum.

If the L data is valid, then the results of Figure 15(a)
verify that there exists a local periodicity, but that this
periodicity varies greatly in size from time to time, from area
to area, and even depends on scanning direction. That the scanning
direction is important can be outlined in & very schematic fashion
as follows: Consider the case of a perfectly regular square
lattice, as illustrated in Figure 16. In the scanning direction
AB a subsidiary meximum occurs whenever the displacement X is a
mitiple of the unit cell size L. For the diagonal direction AC,
peaks occur for displacements Jar R EJEE , etec. And for scans
along AD, major peaks occur at 5L, 10L, etc.; and in addition
minor peaks are seen at 5/4 L, 10/4% L, 15/4 L, and at 5/3 1L,

10/3 L, whenever either the vertical, or horizontal lines rein-
force. Since the actual lattice on the sun is neither a regular
polygonal structure, nor perfectly repetitive, one might expect

even wider variations in subsidiary maxima than in the idealized
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Illustrating the importance of scanning direction
on measured cell size. In the direction AB,
secondary maxime occur at displacements L, 2L,

3L, etc. Along the diagonal AC, they occur at J 2L,

2N2L , 3421 , ete. But along AD, major peaks
oecur at 5L, 10L, 15L, etc., and minor peaks

at 5/4L, 10/4L, 15/4L and 5/3L, 10/3L, whenever
either the vertical or horizontal lines reinforce.



example above, due to gecmeiry alone. This was actually observed
in the study of 12, where two runs were made across the same field
of view, but in perperdiculnr directions. The average of the
smaller L's of each peir is 25.8 X 105 km; the average of the
larger L's is 33%.9 X lO3 m.

But we have still not answered the question of the velidity
of interpreting the sibsidiary maximm as reflecting a real
periodicity on the sun. By definition, an auto-correlation
function must be symmetric about the origin, i.e., any subsidiary
maxima should occur in pairs, which we shall call "two-sided."
Furthermore, all auto-correlation functions’ should show this be-
havior, if a persistent network exists on the sun. If the true
network is strongly periodic, one might expect to find not only
one secondary maximum, but perhaps several more. In Table 7 are

sumnarized the results of the measurements of the first and second

subsidiary mexima for cases L1, 12, and L3.

Table 7
Case| Number of First Maxira Nurber of Second Maxima | Ave. No. of
2-sided | 1-sided | O-sided | 2~sided | 1-sided | O-sided Cells
N Ly 14 3 22 15 24 130 - 170
L2 12 0 0 2 0 10 230 - 260
L3 59 13 6 7 10 61 70 - 90
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First consider the number of first maxima. Only case L2,
which had the "best" statistics, ramcly a large rectangular field
of view and mary more cells visible than in L1 and L3, exhibited
the ideal two-sided pattern for all runs. Furthermore, if one
refers again to the histograms of L sizes, it will be seen that
the L2 case also had a ruceh smaller spread in sizes than did Ll
or L3. In Ll and L3, annular regions were used, with fewer cells,
and one narrow dimension usually only 3 - 6 cell diameters wide.
Ouly 70 - 80 percent of these latter cases exhibit the symmetric
pattern, implying that end efiects due to the finite field of view
may be affecting the resulits. This suspicion is increased when we
look at the second maxima data. The 12 case implies that the
periodicity is not too strong, since only 2 runs exhibited a second
meximum. However both of these were the proper two-sided type.
Both L1 and L3 showed considerably more second maxima, but almost
as many of these were one-sided as two-sided, and thus must be
viewed with suspicion.* Irdeed, case L1 also showed a number of>
3rd, 4th, and 5th maxima, and even one run with a 7th order maxi-
mum. But these higher-order maxima 100k very similar to small
peaks on "noise" runs; i.e., cross-correlations of two unrelated

Ca II plates tzken some days apart.

* Tt should be noted, however, that despite the possibility that
these results may contein spurious effects, the average distance

from 83 measurements of the second maximum is 57 X lO3 km, very
close to twice that obtained from the first mweximum. The spread

in sizes is again large, ranging fram 32 X lO3 to 90 X lO3 km.
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To swmnarize the above discussion, we conclude that on the sun
there exists a relatively "wecalk" iocal ordering of the emission
structure in Ca II plates. It exists because of the high percentage
of two-sided first maxiin seen on autd-correlation curves, because
of the moird effect and X-IC correlation mentioned at the beginning
of this section, and because of the excellent agreement among the
average sizes I found by the four methods 11, L2, L3, and L4, as
discussed in the next paragraph. It is weak, firstly because of
the small number of tracings which show a symmwetric second sub-
sidiary maxirmm, secondly because of the large spread found in
individuel L sizes, and thirdly because the height of the first
subsidiary maximun is usually only one to five percent that of the
central maximm, & fact not mentiocned previsusly.

In conclusion, let us caiculate the grand mean of all the L
measurements, in which we weight each value of L by the square of
1/q , vhere g is the standerd deviation in the mean. This final

value for the characteristic cell diameter, or network meshwidth,

is (31.9 £ 1.4) X 107 ¥m, a&s shown in Table 8.

D. lifetime of the Ca II Metwork

Having established in Section B above that the Ca 11 network
and the large cells are spatially related in essentially a one~to-one
correspondence, it follows thal the lifetimes of these two
phenamena must also be gquite similar. To measure directly the cell
lifetime is extremcly difficuli, since the cells virtually disappear

at the center of the disc, and thus can be cbserved only for a
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Table 8

c ! Tl 3. l G,(-m} ‘o ! ~ o

ase | T{107 xm) ulC” km) | No. of Measurements
11 %38 0.72 102

L2 29.8 1.07 24

L3 32.5 0.65 132

L 30.08 0.57 141
Weighted
Grand Mean 31.9 1.5 399

relatively short time and oanly near the limb. Gecmetrical fore-
shortening is severe in the regions where the cells are visible,
and canndt be adequetely removed by the foreshortening-removal
apparatus discussed in Part IIT.

Fortunately the Ca II emission network is visible over the
entire disc, so that individuval elements can be followed for over a
week, if their lifetimes are that lonz. As mentioned in Part II,
using the foreshortening-removal apparatus would permit almost
distortionless viewing of a given element for Jjust under five
days; that is, for about 9.6 cm. along the equator of the 17 cm.
image. |

The lifetime of the bright Ca II flocculi (also called "coarse
mottling" or "large chromospheric granules" by different authors)
has been measured by Macris (4, 5), who followed visually over 150
individual floccwli and recorded the percentage which remained as
a function of timz. Ia the present study, cross-correlation functiouns

were employed tO measure the Ca II network lifetime. Cousiderable
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arbiguity exists between the terms "flocculi" and "network," so it
is not &t all certain thait Mzcris and the present work have
neasured lifetimes of diflereni phenomena; indeed we are more in-
clined to believe that therc is more siplilarity tihan difference
between the phencomena studied in the two cases. De Jager (26) has
pointed out that the "fine mottles” cluster together to form the
“"coarse mottles" which in turn are oftten arranged in a "coarse
network," making it clear that there are no sharp lines of de-
marcation among these groupings. Probably it would be more accurate
to say that in the present work we have measured an "average' life-
time associated with both flocculi and network emission, since the
correlation machine responds to all intensity fluctuations in the
field of view.

A total of 17 plates in four sets was analyzed in this study.
Table 9 lists the nuber of plates in each set, number of correlations,
inclusive dates of observation, image size, surface area on sun 1o
the field of view, number of cells in the field of view, and time
intervel between first and last plate of the set. The number of
cells in the field of view was estimated as follows: On these
plates 1 cm = 68 X 10° km =~ 2 cell diamcters (ref. Section C), thus
1 cm2 =} cells. Since the Ca II network shows up almost equally

well in K and K5’ spectroheliograms teken at various wave

ovr Koro
lengths within &N = 0.28 of the line center were analyzed together.
All the plates were processed in the foreshortening-removal apparatus

before correlations were made. In eddition, all "larger-than~

network-size" eunission regions and plages were masked out, so that



Tavle 9

Set |No. of | No. of | Dates Image |Area on No. of | Maxi-

Plates | Corre- | (1562) Size Sun Cells | mum Ot
lations (,Olokme

- i h o,m

1 3 3 8/4-6/6 17cm 10.7 92 (8" 5k
2 8 17 8/21-8/23 | O.kem 9.% - 80 uBh 53"

\ * %
3| & 12 | 8/31-9/1 | 8.kem | 6.2, 5.27153,45" |2LP 61
4 2 1 9/23 8.hem | 28.3 ol | 4™

only quiet-sun phenomena remained in the Jield of view. ZXach pair

of plates to be correlated was aligned by placing in register as

many emission features as

possible. learby sunspot regions (later

masked out) proved very helpful in this regard.

In analogy to the fractional cross~correlation discussed in

equation 20 of Section B,

F(at) of two plates teken

we define the normalized correlation

at times t, and t. as:
1 2

Flot) =

r )
LHac(tl) . Héc<t2)J

where At = tl - t2.

From the 17 plates, s

(a1)

ome 35 cross-correlations were made, at

time intervals ranging between 4 minutes and 49 hours. All measure-

nents were linear scans ac

ross the center of the disc (6 < 3&0).

The results ere shown in Figure 17. In (a), F is plotted vs. At;

* Correlations of two separzte areas on these plates were made.
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in (v), loglo P vs. &t. From these Tigsures cne could be equally
well convinced that the correlation decays linearly Or expo-
nentially with tizme. Least-squares [its of the form T =a + bt
and loglo F = c + dt, respectively, are shown in the figures. All
data points ere included in the figures, bul only those poinis
within 2.5 standard deviations were used in the least-squares
amalysis.

The lifetime T, defined as the length of time for the corre-
lation to fall to e © of its initial velue is then given by
T =a (1-e)fve orT=1/d in the two cases. It can be seen
from Figure 17 that the value of T depends on the maximum time
interval (tm) used in the zanalysis. In (b) two fits are shown,
one with tm = 20.3h, the other with tm = h8.9h, while the straight
line in (&) uses tm = 27-3h. Several points are worth noting:

1. Although any reasonable straight line fit in (a) would
imply that F goes to zero in 30 - 35 howrs, a small amownt of
correlation seems to persist much longer.

2. The large decrease in T as tm increases is illustrated in
Figure 18, using the logarithmic straight-line analysis. This is
understandable when one realizes both that the foreshortening-
removal is not perfect and that as tm increases, the network slowly
changes shape, even though individual flocculi mey remain; these
two effects both tend to decrease F for large tm, thus lowering T.

Also shown in Figure 18 are velues of T fram the linear straight-

line £it; these are not so sensitive to ©_. IT remains an open

"y

question what the "best" value of T is. We are more inclined to
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choose the valus T = 19 - 21 obtained fraa Figure 17(a) and
the upper line of Figure 17(v,, but if oac chooses to include
_d

also the desta with £ > 17, one must assign a value T = 177,

3. The effect on the measured ccrrelation due to fine
mottling, photographic greiun, small plate blemishes, etc., can be
seen in Figure 17. One would expect from equation 1 that as
Ot -~ O, F should go to unity. However, from the data analysis

we find that the F axis intercepts are ¥ =a = ¢ =~ 0.82. As an

-
o)
illustration, even for two specliroheliograms taken only four

minutes apart, a 4t negligibvbly short relative to the network life-
time, the average value of F was 0.84. Thet is, small-scale solar
details, which add to the height of an auto-correlation function,

do not contribute significantly to cross-correlaticns, either because
they disappear or shii%t in position (due perhaps to shorter life-
times, local wvelocity fields, or very often due o changes in the
local "seeing"). Similarly, photographic grain and tiny blemishes
are impossible to mask out and also contribute more to auto-
correlation heights than to cross-correlation heights.

To compare the present results with those of Macris (5), we
assume that our F is equivalent to his perceant of flocculi re-
maining after a time 4Ot. After multiplying his percent data by
0.82 so that the two methods agree for At = O, we have plotted
his data together with ours in PFigure 17. The agreement is
excellent, ard forms the basis for cur earlier assertion that
despite the differeunces in method and in terminclogy, we are

essentially measurirg the same phenomenon as Macris.



E. Correlation Between Ha and HB Velscity Fields and the Ca II

Network

Spectroneliograns taiken far in the wings of the hydrogen lines,
Ha, HB, aud Hy, show a dark nctwork pattern very similar to that of
the bright Ca II emission network. This phencmenon was first des-
cribed by Deslarndres (27), and has since been discussed in detail by
de Jager (26, 28, 29) ard others. For the following wavelength shifts

in the three lines:

ox(Fa) = £ 0.7A
AN(ES) = + 0.%A
M(EHy) = £ 0.24

one finds'that the network pattern is &t a meximum, with a quiescent
background. De Jager estimates the height of formation of these
features to be about 1000 km zbove the pholiosphere. Another well-
knovn characteristic of these spectrcheliograms is that the contrast
between the intensity of the network and that of tne background is
muich greater on the red side of the line than for an equal displace-
ment to the violet. This is clearly seen in Figure 19(a), a portion
of a 17 cm photograph of HB with AL = + O.4A. In addition, de Jager
(28) found a persistent red shift in the network regions on such
spectroheliograms, and later concluded that the "coarse mottles and
the chromospheric network must be considered as a field of large

scale descending motions” ((29), p. 80).
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Figwwre 19. a) Spectroheliograms of same region of the sun
ildustrating the difference in contrast on
red and violet wings of EB line. Top left,
violet; top right, red. Piste of 9/2/62,

O = O.LA.

b) Iower vhoto is a Doppler sum in Fa (AN = 0.74)
teken on 6/27/62. Irighter-than-average
network is descending. Swall dark rising spots

may be spicules.
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In this section we shall present resulis obiained from
Doppler plates talicn in Il and HB ot the AL's licted ebove.
These corrcvorate the finlings of the previous investigations.

-~

In addition, we shall show that the spotial position of the
hydrczen network coincides with that of the Ca II emission.

Figure 19(b) shows a typical second-cancelled 17 cm Doppler
sum spectroheliogranm vhotographed at the center of the disc in
Ho (&0 = £ 0.7A), while Figure 20 contains three similar photos
in HB with A\ = = 0.40A, * 0.32A, * 0.244, from top to bottom.
The polarity in these plates ic such that light regions are re-
ceding, while dark areas are approcching. Immediately apparent in
19(b) and 20{c) is the brighter-than-average network superimposed
on a rather featureless grey background. Upon closer inspection,

muber of sma2ll dark spots can be seen mixed in with the pre-

doninently light network. Also, particdiarly in 20(&), a few of
the network cells appear to enclose dark {rising) regions. In 20(b)
and especially in 20{c), as one goes higher into the chromosphere,
the network, though still visible, vecomes submerged in a granular
background of small dark and light elements.

From microphotometer tracings made across selected regions
where the network pattern was most pronounced, the following pesk

velocities relative to the background vere measured (minus sign

indicates receding line-of-sight velociiy), @s shown in Teble 10.

L

* The Hy plates were not of a high enough guality to warraat analysis.
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Figure 20. Threce Doppler sum thotos of same regicon of swn

teken in wings of H3. In to» picture (AN = 0.4OA)
descending network prelaminates. In center and

lower photos, network becames

[

ess clear, corre-
spornding to higher elevations in the chromosphere
(ox = 0.324, 0.24A; ceunter and lower, respectively).
Plates taken 9/2/62.






Tabhle 10

Line vy To. of | s. of boave. Vel. | Max. Vel.

Plates | Yrasuremenis | {(laifoec) (im/sec)

| |

Ha | 0.7CA | 2 15 -1.3 -2.0
Ep | 0.4cA 3 26 -1.1 -1.9
H3 0.32A 1 15 -.53 -.84
HB 0.2%A 1 20 -.55 -.82

No errors have been assizned to the above velocities because
of the large (30 - 50 percent) uncertainties in the calibration
and plate reduction processes, discussed in detall by RWI and also
in Part III. The sample standard devietions for the above measure-
ments {which refer to relative velocities) were 10 - 20 percent on
each plate.

In this paper we are primarily interestec in the network
velocity pattern; namely, the first two rows of Table 10, which
presumably originate from roughly the same elevation in the chromo-
sphere, where the network pattern is best visible. These velocities
are in close agreemenv with each other, and with the results of
de Jager (28), who quotes an r.m.s. velocity displacement of the
Ha line of * 1.1 km/sec. 1In addition, Giovanelli ard Jefferies
(30), using Ha photographs taken with a birefringent filter and
processed by essentially the same photographic subtraction technique
as in the present work, find the same velocity structure as de Jager
and ourselves. Althoush they do not quote velocity data, they show

a scheratic diagran ((30), p. 216) of the chramosphere which



indicates mainly falling velocities in the network, and some rising
velocities in the centers of these "ceolls."
We have alsd calculated the nelwork velociiies with auto-

correlaticons, rather than with the microphotameter. From the

-’

. - 5 2
measured WM (average size = 5.2 X lOD km) we computed H vs
O "

curves using the correlation model described by equations 12 and
13, and thus find average downward velocities of 0.k km per
second, only about 40 percent as big as from the microphotometer
tracings. The discrepancy can be easily explained in a quali-
tative manner. The annular ring mcdel assumes the existence of
campletely closed, uniformly bright annuli. In the first place,
visual inspecition shows that most of the rnetwork cells are very
‘fragmented in appearance. Just by noting that the observed
structure probably docesn't excced 50 percent of the packing of an
ideal close-packed network, would at least double the true H, and
thus increase the measured velocity by about 40 percent. Secondly,
the microphotometer tracings were made through regions where the
network structurce was most pronounced, while the correlation
function was integrated over & much larger region including scme
rather faint network patterns. A third effect, counter to the
first two, is the additional height in the auto-correlation function
due to small-scale gravulaticn and other "noise"” not assoclated
with the network patiern. It is difficult to estimate the magni-
tule of this olfect, which is probably not <co large due to the

a1}

rather '"culet" eppoaranc the backgrownd.

i}
O
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Balmer lines. There are, hovever, & nuuber of
interpreting these oboorvavions:

Firstly, even i our Doppler calibration procedure is
correct, we have s5till only measured the network velocity relative
to the backorownd. The nwbers quoted in Tavle 10 are real re-
ceding velocities only ir the initra-network region has essentially
no radial velocity componens.

Secondly, the opacity and lirne profile in the network and

e ey e

in the background are probably different, so thal we may well be
observing features at different temperatures and/or different
levels in the atmosphere. That is, the calivration profile on our
Doppler plates is an “average" profile, whose shape is due to a
mixture of the many types of structures seen in the Balmer lines,
formed at diffierent heights and temperatures. The cbserved fact
that the network pattern is darker than the background in Hoa at
L = £ 0.7A, but 11

chter than the background in the core of the

line, implies that the line profile associated with the network
is somewhat wider and more shallow than the "average'" profile.
This would explain the increased contrast in the red wing where
the downward moving material is seen, and the higher contrast
on the violet side where the small rising dots are observed.

-, ]

It should be noted that toth the dark and light elerments on the

rlate are darker than the tackground on the

Py

Doppler-cancelled
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original spectrohelicgrams tokon in both the red and violet
wings of the line. From thz chove diccussion, since the "true"
profile in the necowork roerion seenc o e less steep the
"average" profile, the measured quantity d{1nf)/dn is probably too
large. Thus th2 velocities in Table 10 world be too small, and
can be considered as lower limits on the real velocities.

Thirdly, both for A\ = * 0.7A in Hz, and AL = * 0.40A in HB,
the profile slope i1s not coustant, so that accurate Doppler cali-
brations are difficult in the region where the network is most
prominent. |

&1l these guzlificaticas aboutl the accuracy of the

&
w
o]
%

resulvs, it seems rather salfe ©o say thal there is a predominantly

downwaxrd motion in the networik. This is the counclusion of primary

importance ror cuwr study, and leads us 1o the second half of this
section; nanely, the correlation between the downward flowing
hydrogen network and the bright Ca II network.

Two HB and one Ho platec were cross-correlated against Ca II
plates, with the results shown in Table 11, where F is the by-now-
familiar cross-correlation coefficient.

These results strongly confirm visual observations of this
correspondence, which is apparent to the eye eitkher by using the

4 .
moire elffect or by mutching structures on the two plates. The
values of F indicate excellent correlation, although they are
less than 0.5. I% will be recalled from Part IV(D) that it is

-

very difficult for I to exceed 0.6. This correciion alone Trings



Table 11
Case Date Iine: Irmzoe Size Jary F
1 6-27-52 e - X 17 en o 374 0.19
2 6-12-62 E3 - K 17 cm 1h 432 0.4k
Q - —y -, n _anm
3 C-22-62 E3 - K 17T em | O 36 0.46

1

two of the "true" values closc to C.6. We have rreviously pointed
out that the hydrogen network is very Iragrented, much more so than
in Ca II. This is a real effect, which will lower the correlation.
Another look at Figures 19(b) and 20{a) will convince the reader
that the network appears more broken in Io than in I3, one reason
for the relatively smznll F in Case 1. Two other effects decrease
F. One is the time difference &Y between exposure of the corre=-
lated plates. The second, and more important elfect, is the fine
mottling and otrer "noise"” which adds appreciably to the heights

f the auto-correlations, but not to the cross-correlation, as
already mentioned in previous sectiocns. This noise is particularly
high in Case 1, because both the Ho plate and the ng plate used

in the correlation were of "grade A" variety, thus showing a
great deal or fine detail, and present anciiher reason for the low
value of F for this case.

To sumerize this section, our observations confirm those
of other autnors with regard to the downvard flowing material

seen in the Balier lines, and in addition show that this velcoccity
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F. Correlation Zotwes~ Phclostheric Mirmetic M elds and the Ca IT
Network

That there exists a close spatisl ccrrespondence between Ca I1
plages and bipolar magunetic field regicns was first observed by
H.W. and H.D. Babcock (9), using the solar mugnetograph (10). By

oCifying several featurec of the magnelograph apparatus, Howard
<

Hy
[
W
el
£
ct
H
o
[¢]
}J

(6) was able to obtain magnetic ings with much better

spatial resolusion (his epcriure was « squere 10" of arc on a side),
and again found thal the correlation bebween Ca II emission and

. ~ -~ * -~ + —vr 14 .
magnetic fields was excellent. Howerd's investigation ranged over
field strengths of about 5 to 75 gauss, with observations made

J i © B

both in sunspot regions where plages were usually present, and
eway ITram sunspots where generally only the Ca II network was
visible. Howard's work was simultaneously compliermented vy that

.,

of Leighion (8), who used a different approach to map the solar
magnevic field, a method which had the advantages of far better
spatial resoliution and scanning speed, but was only able to record
intensities zbove cbout 20 gauss. Ieighton's magnetic spectrohelio-

grams confirmad shovograpnically the cobservations of the Babcocks

and Howard. XZoth Leighton and Howard found the X-B correlation

¢
}.J
[
[¢]

so striliing that the former speculaied that alcium erdssion,
no matier wiere iU occurs on the solar surface, is assoclated with

e o P A 7 y e o
magretic Tieids" (WO}, p. Z76) while the lotier sugzested a "nearly

* Henceforth cuiied "X-B' correlation.



one~-to-one corresponience betueen the magnetic features and
the caleium-plage regions, not only with respect o their
generally similar location bul also in most skall structural

details"™ ({S), ». 183).

\lvhough the X-B correlation is clearly apparent to the

Hy

eye when locking at the figures in references 6 and 8 no quantitative

analysis of this correlation has been attempted, and not even a

grzliitative study has been made at field strengths less than 5

gauss, the lower limit of Yoward's situdies. In the present investi-

gation, three different techniques were used in an effTort to

.:'

quantitatively measure the correlation at field levels below 5 gauss.
The first method was an attempt to extend the sensitivity of
Ieighton's apparatus to field strengihs velow 20 gauss. It was
hoped that through the use of an irmrcoved team splitier which trans-
mitted nmore light and thus permitied narrowing the spectroneliograph
slits, one might increase the Zeeman sensitivity of the apparatus.
However this approach failed, firstly becawse it was impossible to
increase the sensitivity enough to reach the 5 gauss level, and
secondly vecause the photographic noise level remained at least
as high as in the earlier work. In addition to the noise causes
discussed by Leighton, the major sources of noise which swallowed

up signals velow 20 gauss appear to be due to nonwmiformities in

the polaroids arnd/or quirterwave plate. These produce a rippled

oS

-

or "curleycued" arzecrance to the backgrownd, and are very hard
to distinguish Tron low-intensity Tlcld patterns, wrich wsuslly

are in the form of snort lines or pieces of a network patiern.



The second method woes surrsested by Ieighton and carried out on
Yoo

Sept. 20-21, 1962 by Howard and the author, using the solar magneto-

graph in the 150 Ioot sclar tolescose ot Mount Wilson Cobservatory.
The two exit slits of <Thz sooctropranh were scparated by 25.7 mm
- St - -

s0 that the Fe I (A5250) line was centered on the Tirst exit slit

v

in third order light, and the Ca II (A3933) line was centered on

the second exit s1it in the fourth order. With a2 fourth order

)

dispersion of C.2iA/mm, the sccond slit width of 2.3 mm corresponded
to a wavelength spread AN = O.EBA, which is rougnly the width of the

X enission peak. The light emerging through this slit passed

232
through a darx bliuve filter, and thence to a §31A photamltiplier
tube and amplifier. The light from the first exit slit was treated
in the uwswual magnetogzrapnic fashion, set in the magnetic mode. The
aperture Tfor the incident light was a rectangle 10" X 18" of arc,
located near the center of the 40 ca sclar imege. The magnetic

signal was fed into the Y channel and the I emission signal into

252
the X chanrel of a Mosely X-Y recorder. (In addition, each sigunal was
separately measured on & strip-chart recorder.) Any correlation be-
tween the Ca IT emission and magnetic field intensity should then

show up Girectly through a motion of the X-Y recorder pen away from

the X and Y axes.

A series of roughly NNE-SSW-direction scans were made, separated

from each other by 30% of arc. Three such scans are shown in
Figure 21. In Figures 21{a) and 21(b) the maguetic field cali-

¢r inch along the vertieczl axis, while in

21(c, lef:) the scale is 20 gauss/inch and in 2i{c, right) it is



Figure 21.
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Actual X-Y recordcer Tracings showing K-B corraletion.

Roman mwnerals indicate: I, "No-light" noise level;
Hoise level with aperture ogzen &t fixed point on

soley irmge; IIT and IV, tracings made with aperture

-

movinz tack and otion of recaorder

pen along x=-cxis indicates change in Kowg intensivy;
moticn in y-directicn weacures mogunetic field changes.
Mgures 21{za) and 21{b) are tracinzs in "cuiet-sum"

regions; Figure 21(c) is over a small plage.
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60-65 gauss per inch. figwres 21i{a) znd 21(b) were obteined from

throuzh a siall sumspot regicn. The zognetic field polarity is

mainly positive {down on zranh) in (a) and (b), while it has both

signs in (¢). Oa ecch figure, I is the no-light noise level, II

is the light-on noise level with the scanner statiorary, while III

and IV are the actual scens. It I1s seen that the nolise level II

is 3-4 gauss, and ‘hat the method is cuite successful in directly

showing the K-B correlation i the Tiela level 1is 5 gauss or larger.
In the third and most successiul attenpt to demonsirate the

correieticn below the 5 gauss level, a more detailed analysis was’

made of the polor regzion magnetograpn tracinzgs and Ca IT spectro-
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irz his tracings of Septenmber

- o . :
3 and 5, 1550, magunetic contour maps wvere made at

ct

the 2, 5, 10, and
195 gauss level. The latter three levels resulied in contour maps
essentially the same as those shown in Figwe & of (6); new infor-
mation was obtained only by addition of the 2 gauss contour. (It
should be noted that duve {0 a calibration error in the present

work, the contour levels for the September 5 case were actually

1.5, 3.5, 7, and 11 gauss, somewhat smaller then hod been intended.)
In all cases, the measured levels were well above the noise level,
which was less {tran one gauss. The two Ca II specirocheliograms were

-

enlerged to the same scale as the magnetic nzps, and black-on-white

drawings rade of The reglcorns waere K2”° cniscsion was visitle.
<



1. Irom the contow mon, & olack-on-white drawing was made of
those regions Luviny fileld siorengin: B = 10 gawss, as shown in Figure
22{a) for tre Sesterber 3 case. It will be recalled that Howard's

- v ~ - e e S - i~ ey g e S - o~y
scans were nmode with o 10" of are sveriure, adjacent scans bel

e

present aralysis, a straight-cdge wos placed along the center of each

10" scan on!Figure 22{a), end =« line drawn vwherever the straight-edge

i
[}
;

13

intersected a region noving B 2 10 sau lire drawing sO pro-

duced is Figure 22{p). Next the X... enission drewing and the line

N

draving were supcrimposed on a lignt pox. LZach line segment was
then given a value 4%, 3, 2, 1, or O, depending ca whether it was
completely covered by KE}Q emizsion, 5/L4 covered, eic. A line

segment was considered to correlate with the XK 5 emission when-
ever it had & valve 3 or 4, and to anticorrelate if the value was

o

0 or 1. Segments with value 2 were nov counted. This procedure

+:

was carried out both when the two drawings were in proper alignment,

A T

randcen” orientations. These last three measure-

and in three oiher
ments essencially determine the fraction of the area covered by the
K252 emission, just as discussed in section IV(B). As before, the
cumilative binomial probability distrivbution is used to calculate
the probability ithat the ohserved correlation is merely & random

statisctical fluctiation.

2. In the second staze of the anzlysis, drawings similar to



- Py -~ ey 2 e he

Dlizel vesions centein mesnetic Tielis > 10
- . Il il i, - K -~ - g TN

i_,a S Yo NN O*A:n 3\2 VAYC L LoWer Ol 0=

Line drawing of =) produced by nlacing
straight-edge a2lonz ihe center of each 10"
scan, and recording positions of magnetic

X -]

ileids.
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a. Magnetic Fields > [O Gauss
Sept 3, 1958

b. Line Drawing of Fields
Shown ina.

Figure 22
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those of Figure 22 were mzde, with the new criterion that all fields
with B 2 5 gauwss were now inclided. The -3 corrolation was
measured exactly as In the previous case.

5. OSince it iIs oovious tihat thcre must ia general be a regicn
of lower field stirength swrrounding a given contcur line, 1t is
expected that a certain amount of "ervificial” correlation would

exist between fields wiih strengths of two gauss and the K

N
ey

2
enission, even if the "true" correlation were due only to fields
greater than 5 gauss. Thus, before making the B = 2 gauss analysis,
a new drawing similar to that of Figure 22(c) was made, which included
21l fields in the range 2 €< 3<5 {or, 1.5 € B < 3.5 for September
5). That is, all the hi ields were removed, resulting in
Figure 23(a). In addition, awll of the Ca IT emission which corre-
sponded spatially with tie strong magrootic field regions was
Imilarly removed from the Ca II emission drawing. The resulting
draving, full of rectanguler "holes," is shown in Figure 23(b). 1In
both Figure 23{z) ard 23(v), a small additional region swrrounding
the B = 5 contour line was also removed, Lo fwriher reduce any re-

k2

maining "artificizl” correlation. t is hoped that by this method,

any correlation which still persists is really due to weak magnetic

2]
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han five gauss.

The resulis ou this investigation are shown in Table 12.
At the 5 and 10 guuss levels, in each case there is, roughly
speaking, caly zooubt cne chance in a mililicn, that the coserved

correlation is due to randcn statisvical flucouzitions. Note

that sbout G5 Tzrcent of the line segments correlated with the Ca II

-



Figure 25.
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a) lMagnctic ficlds on 9/3/50 with streagtis
2 £33 <5 gavss. Iiote rechtanglar "noles”

-

wnere stronger fields have been romovedld.
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ouss, Centcriber 5) level and €0 per-

N . — — A . e T A et L — ime e ot -
cent at the 5 (5.5) Zouss Zevel. AT e 2 (1.9) gaucs level, o

- . . . - 0 -~
00 - O5 percent of the lime segmenis correlated, and trerc rema
az2 (6) vercend provocility tihat Thls weak Tield correla tlon is

due to chance. However, I we tre

3

2t thzse two cases {September 3

§

and September 5) as indepet;ent vents, the probability that both
correlations are merely rancom fluctuations is only coout one in a
thousand. Iucrthermore, there are several reasons ©O believe that

the true correlaticon is higher than mzasured, but this discussion

will be deferred to Fart V.

3,5 Sept.5 | 132 105 80 | .5k | 5.6 x 10720
10 Sept.3 %0 20 9k | 5k 1.3 x107°

7 Sept.5 29 28 .97 | .55 | 6.5 x 1077

This ccocmplotes the section describing the observations and
results. We tTwn unow to Fart V, in vhich we firse summarize these

fivdings, ard wroen Try ©o combine them into a coherent pictwre of

"supergreavlavion” phencuena.
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V. DISCUSSION

A. Sumnary of the Results

Since we have discussed at same length a number of seemingly
diverse phenomena, it seems appropriate at this point to briefly
summarize these observations. First we described a system of
"large cells" with average diameters of 30000 lkm and lifetimes of
20 hours. These velocity cells consist of mainly horizoatal
motions, the flow proceeding from the center of each cell toward
the boundary with 0.4 km/sec average velocity. At any given time,
there are roughly 5000 cells on the solar surface. Evidence vas
~found for the existence of small vertical motions in the cells, the
direction of the velocity being upward at the cell centers, and
downward at the boundaries. The averege magnitude of thia vertical
motion is perbaps on the order of 0.1 km/sec.

Secondly we measured correlations between the cells and three
other phenomena; namely, the chromospheric Ca II emission network,
the downward-flowing Ha and HB network, and the 1.5 - 15 gauss
magnetic field pattern. The correlation, in each case, showed

that these phenamena occur at the boundaries of the cells.

From these observations, we are now able to comstruct a
plausible and consistent model of large-scale phenomena which
exist in the atmosphere of the quiet sun. Four significant

solar features are explained ar clarified by this research:
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1. Definite proof of the existence of a large-scale structure
in the photosphere. Up to the time of ILeightom's two-dimensional
Doppler photographs (2), only Miss Hart's spectrographic (ome-
dimqnsional) tracings (17) bad shown this structure, and her re-
sults had been seriously challenged by Fellgett (47) and others,
who implied that the secondary maxima in Miss Hart's "correlo-
grams" were not truly solar phenomena but due to spurious effects
such as poor seeing. This controversy has now been resolved in
Miss Hart's favor by our photographs which strongly corroborate
her work. Not only does Miss Bart concur with our counclusion
that the distribution of cell sizes is very irregular,* but also her
peak velocities of 0.3 - 0.5 km/sec agree perfectly with our results.
Two other one-dimensional stulies of the large-scale velocity field
have also recently confirmed our observations. One is the
previously mentioned work of Evans and Michard (23); the other is
the magnetographic study (using the Doppler mode) of Howard
(48), who measured a power spectrum with e strong maximum in the
20 x 10° - 60 X 10° km wavelength region.

2. The horizountal cell motions provide a mechanism (to be
discussed later) for building up relatively large magnetic fields
in a narrow network pattern, which we observe. With these magnetic

"channels" we will then explain:

* Miss Hart pointed out that the broad meximum and small peak in
ber correlogram reflected the absence of a single well-defined
size.
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3. The origin of the Ca II (K) emission network which has
puzzled observers for seventy years since its discovery by
Deslandres (25). The same phenomenon also produces the bright
emission network in the center of the Ha line, and the dark net-
work in the wings of Ha and HB.

4. Finally, the magnetic field enhances the flow of ionized
material and the propegation of magnetohydrodynamic (MHD) waves
in the channels, thus accounting for the downward-flowing Ha, HB
network and the presence of spicules (46) in these regious.

We shall now discuss each of these four points in more

detail.

B. Interpretation of the Observations

1. Large Cells as a Convection Phenomendm

From the observed dimensions of the large cells (30000 km)
it seems obvious that they must have their origin socmewhere in the
sun's convective envelope which extends from the bottom of the
photosphere to depths of 50000 - 100000 km; thus it seems
reasonable to assume that the cells are comvective motioums.
Ieighton has coined the term "supergranulation" to describe the large
cells. In analogy to Schwarzschild's description (35) of the small-
scale granulation, it seems that what we are observing can probably

best be described as non-statiomary comvection, & conditiom some-

where between Benard cells (36) on the one hand and campletely
irregular turbulent coovection on the other. The classical Bénard

cells represent a stationary laminar convection with quite regular
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polygonal cells of almost equal sizes and shapes. As we have
seen, however, the supergranulation has a very irregular size and
shape structure, and the 20 hour lifetime, though it seems very
long at first glance, is actually rather short when one considers
the large distance scale with which we are dealing. Since we are
unfortunately unable to lock at tbese cells from the side, but
only from above, we have no way of determining whetber this con-
vection is a circular cellular convection, or, what is more likely,
a columnar type of convection such as & cloud or plume. Both
leighton (2) and Spiegel (37) have adopted the latter viewpoint.
Such plumes often have "mushroom" or “"cauliflower" tops, as seen,
for example, in nuclear bomb explosions or in the beautiful
experiments of Batchelor (38). If the horizontal cell motion
which we observe on the sun is similar to such a mushrooming cloud
top, then it is not hard to understand why the underlying vertical
motion is mainly hidden from view.

Let us try next to estimate the depth from which this con-
vective motion originates. Comnsider some examples from nature.
If D is the cell diameter, and H the depth, then the ratio
R = D/H ranges between 2 and 3 in both experimental and theoretical
calculations of statiomary Benard cells. However s, in non-
stationary convection observed in nature, R is usually 5 to 10;
this holds true over tremendous density and size ranges of at
least 108! As examples, we refer the reader to Woodcock and
Riley's observations of couvection patterns in pond ice (39) which

hed R = 10 -« 30, to Tiros I satellite photos of cloud formations
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over oceans (40) with R ~ 10, and solar granulation which has
R ~5." In particular, the Tiros I photos show an emazing re-
semblance to 'the Ca II network pattern in the solar chromosphere.
Thus for supergranulation diameters of 20000 - 50000 km, and
R =5 - 10, we might expect a range of depths H = 2000 ~ 10000 km.
As a second order-of-magnitude argument, it has often been
observed that the lifetime T of a cell in non-stationary coa-
vection is given by T ™ H/V, where V is the average velocity of
the rising currents. From our measured lifetime of 20 houwrs and
assumed vertical velocity of 0.1 km/sec, we obtain H = 7200 km, in
good agreement with the previous values.

It seems proper then to ask whether there is any mechanisn
in the sun vhich would select cell depths of roughly 5000 Im,
when the convection zone extends much farther, approximately 10
to 20 times that depth. A possible solution lies in the
ionization zones of either neutral He atoms or singly iomnized
He+, or perbaps both. According to & solar model of Iben and
Sears (41), shown in Figure 24, these two regions begin at depths
of about 2000 and TOOO km, respectively, which agrees very nicely
with the above calculations. Zero depth in Figure 24 corresponds
to optical depth 2/3 , perhaps 300 km below the top of the photo-

sphere. Note that Figure 24 also shows the hydrogen ionization

* 1In the solar atmasphere the height H cannot, of course, be
measured like the depth of & pond of ice. In this case, we de~
fine H as the scale height at the granular level (about 200 km),
and compere this with the average granule diameter of perhaps
1000 km.
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zore which lies immediately below the photosphere. It is aften
argued that this hydrogen ionization may be partly responsible for
the formation of the granulation because it produces a region
with lower molecular weight lying below one of higher molecular
weight, thus adding a secondary instability or perturbation to the
already ﬁnstable couvection region. A similar argument would then
be applied to He iocaization to “explain" the s@ergranulﬂtim.
Before leaving the subject of the supergranulation, let us
make an order-of-magnitude estimate of the energy flux deposited
at the top of the photosphere by these cells. Writing the con-
vective flux as F = p ecpv(Am), where € = .0l is the fractional

area covered by the rising colums of gas, p = 2 X 10'8, Cp =

1.5 X 108, V= 10“, and AT = 100°, (all wnits are cgs), we obtain
F=3X 10" ergs/cmz/sec , about a factor of 1000 less than that
due to the granulation. The value of AT was not calculated, but
arbitrarily chosen equal to computed temperature differences (35)
in the granulation regions. To estimate €, we considered a rising
core at the cell center with diameter of about 3000 km relative
to the typical cell diameter of 30000 km. TFor V we took our
earlier O.l1 km/sec estimate, while the density was taken from
Allen (42).

We shall now turn to an analysis of the regions of enhanced
magnetic field strength, which appear to be caused by the large

cell motions, and then, in turm, provide mechanisms for the other
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phencmena which we cbserve.

2.  Magnetic Regions Due to Large Cell Motions

In describing mognetic phenomena in the solar atmosphere,
which contains sufficient ionized material to make magnetohydro-
dynamic effects important, one usually employs the parameter v,
defined as the ratio of the magnetic energy deunsity B = Be/an to
the kKinetic energy demsity o = pv2/2. Whenever v is less than
unity, magnetic fields tend to be carried along with the mass
motions, while the condition v > 1 implies that the matter can be
“"trapped" by the magnetic lines of force. Thus, near the top of
the photosphere, where we observe horizontal cell motions of 0.k
km/sec and demsities of 2 X 10"8 g/cc, we calculate that v = 0.0025
if we assume an average field strength of about one gauss (43).
These small fields would therefore be swept to the cell bounderies
by the horizontal currents, arnd concentrate there in strengths
several times greater than the average field. Theoretically it
would be possible in these regions to constrain magnetic fields
up to about 20 gauss, the limit being reached when equipartition
of kinetic and megnetic energy occurs; i.e., when a = 3. Iet us
campare this prediction with the observations. As we mentioned
in Part IV(F), on the best Zeeman plates obtained by Leighton's
method (8), we often detect very faint magnetic fields in the
form of short lines or segments of a network patternm. Since

these narrow regions are barely detectable, they must have field
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strengths comparable to the sensitivity of this method, namely

10 - 20 gauss. Furthermore these field regions are sometimes so
narrow that they are seen only on plates with excellent seeing. This
indicates that the widths of the magnetic network in many cases may
not exceed perhaps one second of arc (= 700 ¥m), which is approxi-
mately the best resolution obtainable with the 60 foot tower
telescope.* These results are in excellent agreement with the
observations of Howard (48) ard Kiepenbeuer (49). Boward, using an
aperture about two seconds of arc an a side, measured r.m.s.
magretic field fluctuations of 8 gauss, with peaks of 10 - 20 gauss
occwrring at distances of perhaps 20000 - 30000 km along his
tracings. Kiepenheuer's earlier work had much poorer spatial
resolution; however he also found occasional "field patches" in the
10 - 20 gauss size. Under good seeing conditions he observed a
fine structure in these patches, and speculated that this structure
had dimensions not larger than 10 or 20 seconds of arc, and that
the field amplitudes might well exceed 20 gauss. Also we compare
these results with our study of Howard's tracings (6) described

in Part IV(F). In this case, the aperture was 10 seconds of arc
on a side, and we found that a field level of about 2 gauss corre-
lated well with the Ca II network. If the actual dimensions of the
magnetic fine structure are really closer to 2 seconds of arc on

a side, then we must correct our smeared-out ocvbservations, and

* Of course the possibility exists, from an observetional point of
view, that we are seeing only smeared-out fields due to our
resolution 1limits, and that the actual fields are stronger and
concentrated in smaller regions.
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then obtain a field of roughly 50 gauss. To sumarize these
ovservations, we note that the observed fine-structure field
strengths of perhaps 10 - 50 gauss are consistent with the 1limit
imposed by the equipartition argument.*

We have not yet explained how the average solar field of
perhaps one gauss can be magnified 10 to 50 times to the observed
values. This is accoamplished as follows. Since we have pointed
out that the field lines are "frozen" into the matler and swept to
the cell boundaries by the horizontal motion of the supergranu-
lation, we may invoke the conservation of magnetic flux § = / B - dA
to qualitatively satisfy the observations. That is, if we compress
the lines of force into a smaller area, the field strength rises
proportionally. Considering a square cell with side 30000 km, en-
closed by a narrow boundary one second of arc wide (700 km), it
is easy to calculate that the ratio of total enclosed srea to ’
boundary area is approximately ten. Therefore an average field of
0.5 - 2.0 gauss would lead to a network pattern of 5 - 20 gauss,
in very good agreement with the observations. Because this calcu-
lation is very sensitive both to the assumed width of the boundary
region, and to the estimated strength of the average magnetic field,

the excellent quantitative agreement is perhaps only fortuitous.

% The 50 gauss figure is not in disagreement with the 20 gauss limit
mentioned earlier, since it was obtained by studying the Fe
(35250) line which is formed deeper in the atmosphere wkere the
density may be a factor of 10 or so higher. Thus equipartition
would permit fields roughly 3 times larger than the previous
limit. In addition of course, these arguments are only order-af-
megnitude, and we should not take factors of 2 or 3 seriously.
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We have dealt here with a concentration into narrow regioms,
of the weak (™ one gauss) average field of the sun. The origin of
this low-intensity field on the sun has been & subject of much con-
troversy for some forty years.* It is argued that by a "dynamo”
or "spaghetti" process, it is possible for turbulent motions to
induce local magnetic fields. Scme authors have claimed that this
process will continue to build up the field strexgth until the equi-~
partitiog limit is reacked. Others have disagreed, pointing out
that the turbuwlence will split the induced field into small parts,
preventing it fram reaching large values. Agreeing with this latter
viewpoint, Cowling ({50), p. 94) asserts that "the field can be
maintained only as a result of som? large-scale dynamo mechanism
depending on a fairly regular large-scale motion." The super-
granulation may provide this regular large-scale motion, although
this is speculation and not supported by calculations or obser-
vations.

Another qualitative observation is worth mentioning before
we leave this section. We often observe at the periphery of sun-
spov and plage regions that the patches of magnetic fields and Ca IIX
emission tend to break up into a network pattern. 1In Ca II spectro-
heliograms the transition from solid plage to bright network to weak
petwork is a smooth process as one follows the emission from the

cernter of a sunspot outward into a quiet region on the solar swrface.

* ?or)references, see de Jager ((26), p. 103-104) and Cowling
50 .



For exsmples of this behaviar, refer to figures 7(b) and 7(c) of
reference 8. In addition, if one traces the life histary of a
large sumspot region, many times one firnds that as the spot group
breaks up, the plage appears to disintegrate slowly into & net-
work pattern. We infer fram these observations that the hori-
zontal currents in the large cells may be breaking off bits of
magunetic field from the edges of the sunspot penumbra, sweeping
them to the cell boundaries, and then slowly dispersing this field
from one cell boundary to another, into a continually expanding
network pattern around the sunspot group.

To summarize these observations, it appears that the large
cell motions are closely connected with the localization of
magnetic fields in the solar atmosphere, both by concentrating
the weak average field lnto narrow network regions, and through
the breaking up of concentrated sunspot fields into a wide-spread
network pattern. In addition we have suggested, without any procf,
that the supergranulation may also provide the large-scale dynamo
mechanism discussed by Cowling. We consider next scme of the conse-

quences of the magnetic netwoark.

3. Crigin of the Ca II and Hydrogen Networks

The fine network of relatively strong magnetic flelds formed
by the large cell motions is presumed to extend upward into the
chramosphere, and there forms the basis for the Ca II, Ha, and HB

networks, as follows. Osterbrock (45) has shown that enhanced
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heating of the chromosphere occurs in those regions where magnetic
fields exist. Therefore we expect the network structure to be at

a higher temperature than the surrounding material. According to
the theory of K and Ho line formation summarized by de Jager ((26),
p. 131), this is exactly the condition required to explain the bright
network in the cores of the K and Ha lines, and the dark network

in the wings of Ha (and HB). That is, previcmé observers had
correctly predicted higher temperatures for the network regioms, but
were unable to explain a mechanism for producing these increased
temperatures. Our observations of the strong K-IC, K-B, and

K-Ha, HB correlations,coupled with Osterbrock'’s calculations, seem
to provide the final link in explaining one of the oldest puzzles
in solar physics. Thus, the Ca II network is not due to a circu-
lation of matter in the chromosphere as suggested by Deslandres

(27) and Wasiutynski (12), but due to cme (the supergranulation) at
the bottom of the chromosphere.

Two more points are worth mentioning. First, we would expect
that the contrast between network and background should be & maxi-
mm in the region of highest energy dissipation. Osterbrock finds
that for fields between 2 and 50 gauss, maximm dissipation occurs
at chromospheric heights of 500 to 2000 km, which is in excellent
agreement with the heights where the dark network is most clearly
seen.

Secondly, the magnetic lines of force will diverge as they
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extend higher into the chromosphere, where the matter density de-
creases, thus explaining tbhe larger FWEM (10000 km) of the Ca II
network at a height of %000 km, campared to the Ha and HS network
at 1000 km, which has a FWHM of 5000 km. And both of these widths
are much larger than that of the photospheric magnetic fields,
which are barely resolvable under the best seeing conditions, and
thus generally not over 1000 - 2000 km in size.

To summarize many of our findings about the magnetic network
and its relation to the Ca II network, we refer to Flgure 25. The
two columns of photos were obtained on successive days, July 18
and 19, 1962 and both refer to approximately the same region om the
sun. In each colum, the upper figure is a print of the original
Ca (A\6103) spectroheliogram taken at a distance A\ = -0.072A from
the line center. Note that the solar surface appears to be very
quiet; only one tiny spot is present in the July 19 photo. In the
middle photos is shown the corresponding Ca II wnetwork obtained in

K The magnetic network appears in the lower photos; these are

ov*
Zeeman pictures obtained by leighton's method (8). In a quali-
tative manner, it is easy to see three features from these two

sets of photos: &) The long lifetime of the network structure

(many objects clearly bave survived for at least 24 howrs), b) The
stroog K-B correlation which persists even in this quiet-sum

region away from plege areas, and c¢) The much narrower appearance
of the magnetic network relative to the K network.

Finally, we tuwrn very briefly to the enhanced flow of ionized

material and MHD wave propagation due to the magnetic network.



Figure 25.

«12l~

Photos teken on successive mornings showing details
of the magnetic and Ca II networks. ILeft hand
colum, July 18, 1962. Right, July 19, 1962. Top
photo in each case is original Ca (A6103) spectro~
beliogram, middle picture shows Ca II (A3933)
emission, bottam photo is Zeeman plate showing
maguetic field regiouns.
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L. Magnetic Influences on Chromospheric Velocities

At the level of the large cells, we showed that the ratio v
of magnetic to kinetic energy density was much less than unity.
However, in the chramosphere where we observe the Ha, HS and Ca II
networks we find that v > 1. Let us suppose that the concentrated
fields at the cell boundaries are on the order of 10 gauss. Then
de Jager's values (44) for the densities at 1000 km (Ha, HB) and

D oama 1070 g/cc, respectively,

4000 xm (Ca II), namely, 8 X 10~
lead to ratios v = 2.5 and v = 2000, if we assume v = 2 km/sec.
Thus at both heights ionized material can be trapped by the
magnetic field in the network. Since some of the hydrogen and most
of the metals at these chromospheric levels are ionized,* ve would
expect the matter to move more freely along the lines of force.
If one accepts a chromospheric and coronal model in which matter
is carried to high levels by various eruptions such as flares and
spicules, then it seems reasonable that much of this excess
material will slowly fall back down into the lower atmosphere.
This descending, partly ionized gas should therefore fumnel down
along the lines of force concentrated above the cell boundaries,
resulting in the descending network seen in the wings of Ho and HB.
It seems quite possible that the small rising spots which we

see at the edges of the falling Ba and HB network are splcules seen

* According to van de Hulst (51), at the bottom of the chromosphere,

only oune hydrogen atom in 10 is ionized. But the fractiom of
protons increases rapidly with height, and becomes equal 10 the
" peutral atoms at a height of 4000 - 5000 km.



on the disc (46). This phencmenon, also, can be explained by the
enhanced magnetic fields in this network region, if we accept
Osterbrock's interpretation ((45), p. 347) of spicules as "slow-
mode disturbances carrying chromospheric material up along the
magnetic lines of force into the coroma.”

Befcre leaving the subject of the Hx, HB uetwork velocities,
we should mention that the present research seems 9 have cleared
up the question raised by IXNS concerning the possibilily that the
downward-moving Ha «ad ES motions might spread out horizontally
upon reaching the photosphere and produce the observed horizontal
velocities in the supergranulation. Since we have showa thet the
Ha and HB networks occur at the cell boundsries, then this hypo-
thesis would imply horizcntal motions toward the cell centers, not
avay from them as observed. In addition, there does nol seem to be
enough mass flow avallable, even if the direction of horizontal flow
were correct. To estimate crudely an upper limit for the velocity
V_ of the Ea network at the top of the photosphere (h = 0), we
write a conservation equation for the mass flux: prlAl = poVvo’
where the subscript one refers to h = 1000 km, the height at which

we measure a velocity V., = 2 km/sec, and an area A, = (FWHM4)C =~

1 1
6000 C km> , where C is the cell circumference. Since we see almost
no vertical motion at the h = O level, we assume such motion, if it
exists at all, must occur in a small region too narrow to be re-
solved on our spectroheliograms. So it caunot exceed roughly

1000 km in width, and we write Ao = 1000 C. At a height of 1000 km,

the density is estimated to be p = 8 X 10712 g/cc by de Jager (L4),



leading to a maximm velocity at the top of the photosphere of
v, = 0.05 kn/sec, which is much smaller than the observed hori-
zoptal velocities of 0.4 km/sec, even though we have veglected all
dissipative prenzmena in this crule calcwlatica. We conclude that
our observations are inconsistent with ithe hypothesis that the

downward-flowing netwark causes the harizontal large-scale moticuas.

cC. Conclusion

In Figwe 26 we summarize the results of this research in a
schematic, pictorial form. Near the top of the photosphere, the
horizontally spreading supergranulation sweeps magnetic flelds to
the cell boundaries. These fields in tura provide channels in which
rzatter Dumnels back down into the phocosphere fram the high chramo-
srhere, and in which enhanced heating of the chromosphere occwrs,
resulting in the Ca II emissicn network. Tous, despite the very
qualitative, order-of-magnitule nature of same of the calculations
and camments discussed above, owr observations infer a plausible,
consistent pilctwre of supergranulation and its consequences.

Before closing we should mention two areas which did not
yield cxapletely satisfactory results and in which further wark
would be desirable. The first of these is the correlation between
the Cz II eulssion and the magnetic networks. Although the measured
K-B carrelation below 5 gauss appears to be real and positive, it
was certeinly not a one-to-cre correlation. However, it seerxs
guite possible that the true solar correlation is still one-to-cre.

If 50, then any distortions due to our ovserving techniques will



gure 26. Schemtic model showing supergraunulation circulation
in the rhotosphere and downward flowing colums in
the chromosphere above the cell boundaries.
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tend to lower the measured correlation. Several such corre-
lation~destroying effects were present. These included pocr
seeing, the long time (about two hours) needed to ccuplete the
magnetic tracings (Quring which both solar rotation and finite
cell lifetime produce en artificial anti-corrclatiom}, large
aperture (gbout 7000 km on a side) which "smeared out" small-scale
features, the use of drawings of the Ca II network (subject to the
observer's jul_ .:nt concerming the extent of the emission region)
and use of line drewings (ref. Flguwre 22(b)) for the magnetic field
regions, close proximity of the solar limb to the measwred regiloas
with resultant foreshortening distortions, ard finally the fact
that tihe magnetic measurements were made in a photospheric line,
while the Ca II emission probably originates same 30C0 - 4000 km
higher in the atwmosphere, where the lines of force are more spread
out (due to the lower density), and thus the apparent size of the
magnetic field region may ve rmuch smaller than the dimensions of
the Ca II emissiom.

Un?ortunately it 1s presently impossible for Howsrd to mske
a two-dirensional mwap of the magnetic field regions using the very
smell 2 seconds of arc apertwures described in reference 48, since
there is no way of guiding the solar image accurately enough.
This may beccone feasible in the future, and seems very necessary.
In the meantime, improvement in the sensitivity of the X~Y recarder
technigue so that smaller apertures can be used, would yield valuable

information on the K«B correlation. This method has the great
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advantage that both channels of the recorder simultaneosusly see
the same spot on the solar surface; the correlation is made autc-
matically without need for elaborate drawings, enlargements, super-
position of images, arnd cother hocus-pocus in the laboratory. The
preliminary observaticns of 1962 used an aperture of 10 X 18
seconds of arc. A reduction to 5§ X 5 should provide useful new
information, while a 2 X 2 aperture would completely clarify the
matter of the K-B correlaticn.*

The second area needing more research is the matter of
vertical motions in ithe supergranuistion. No coupletely satisfactory
evidence for such motions was found, other than the indirect corre-
laticn with the Ca II enission at the center of the dise. However,
althouwgh the evidence for vertical velocities in the cells was not
too strong, nevertheless it was seen by four different rethods, thus
adding scme counfidence to the result. These four teckniques were:
a) visual and microphotometer measurements of a few cells at the
center of the disc on the best IC plates; b) auto-correlation
functions at the center of the disc which had widths (FWHM) too
large to be due entirely to the small-scale oscillatory field; c¢)
cccasional rising motious in the centers of the dowvaward-flowing
Ee and HB network, reported also by Giovanelli and Jefferies (30),
(although these Belmer line observations undoubtedly arise from a

higher (500 - 1000 km) level in the atmosphere); and d) the already-

* The limitation on aperture size is due mainly to the sensitiviiy of
the photoamltiplier tube which observes the Ca II emissione
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mentioned K-ILC correlation found at the center of the disc, which
is clearly the strongest evidence of ths four.

Three effects could produce the difficully in observing the
vertical motions. Firstly, they may really be so small that they
are difficult €o resolve by the Doppler photcgraphic technicue.
Secondly, they may be hidden from view by a mushrocaning clowd top.
Thirdly, they may be masked by the small-scale vertical oscillations.

Thus it would e worthwkile to investigete other methads of
eroroachlng this problem. For exsmple, it way be possibvle that the

rge cells could be seen superimposed on the scall-scale granu-
lation. Close imspection of high resolution grenwliation photos shows
uot only e scattered number <f dark "pores,"” but also a very fragmen-
tary system of dark, narroy "strips." Perhaps these dark holes and
strips are regions where either the large cell vertical motion or
the magnetic network is breaking through the granular surface. It
will be recalled that numerous authors have reported seccundary
maexima at about 15000 km in auto~correlation studies of the small-
scale granwlation. This figure is close enough to supergranulation
Gimensions to suggest the presence of some features of the large
cells. With respect to the large-scale horizontal currents in
the granulation reported by Janssen (13), this observer recently
kad the opportunity of inspecting some of Janssen's photographs
in the possession of Plerce (32). We definitely agree with the cou-
clusicn o Eaasky (1%) and Chevalier (15) that Jansseau's "photo-

spheric uwev” was not a solar effect, but due to poor seeiﬁg, and
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thus there is at present no evidence for large-scale horizontal
moticns in the granulation outside of swmspot regions. Of course
this is also aprerent froa inspection of the megnificent
Stratoscope I photographs (33-35), in which atmospheric seeing
problems heve been virtually eliminated. ane of these show any
distorticns of the granuwlar pattern which might be due to large
horizontal velocities.

Another technique for Cbserving the large cells toy be pro-
vided by & Doppler motion-pictuwre cumera for studying lice-olf=-
sight velocities, now being constructed by Title and leighton (52).
This should yield new information on the velccity structuwre in tha
supergranvlation, if pericds of good seeing persist long enough to
show observeble changes in these long-lived, slowly-moving
structures.

A third rew approach to the study of the supergranulstion
might be to follow the life history of individual cells. Up to
now we have used mainly statistical analysis of many cells taken
together. - Because of the long lifetime and large size of a cell,
it is likely that one could identify the same cell on plates taken
hours, or even a day or more, apart. The main difficulty with this
approach is that the cells are visible only near the limb. Thus
firstly, we rmust put up with distortions of the cell shape due to
foreshortening. Secondly the cell disappears for several days at
the center of the disc and would be very hard to identify
positively when it reappears (if, indeed, it kad survived that

long). Despite these camplications, this methed shouwld be investi-
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gated.

Earlier in the discussion we suggested that the gradual
disintegration of sunspots might be due to "erosiom" of tke
penuzbrel boundaries by the large cell currents. Not only this
aspect of possible sunspot-large celil relations peeds further
study, but also the following idea: Perhaps pores and swaspots
are formed direcltly as the result of the circulation in the super-
granulation. Tais could conceivably happen in either of two ways.
First, it has been observed in the study of Béﬁard cells that small
particles, swept to the cell boundaries by the horizontal currents,
then flow along the boundary and pile up at the vertices of the poly=-
gonal celis. In an2lely, if there is a weak magnetic field alreedy
preseat oa the solar swrface, then the large-cell motions might be
expected to concentrate these flelds at the polygon vertices, re-
sulting in the small pores seen in granwlation pactos. The second
methad of sunspolt genesis comcerns a caxpletely different aspect
of the large cell motions, and requires that the sunspot be formed

at the cell centers. Tuils argument states that sunspots may be

tke result of strong deep-lying magretic fields which are carried
up frau below by a rising plume of gas. The well-known Evershed
effect ray give scme credence to the secord hypothesis. In the
rhotospheric levels, penumbral velocities are directed redially out-
ward fream the wubra, and thus look very much like the large cell
moticas. Both of these ideas are completely speculative at this

tize, but clearly deserve detailed study.
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Finally, it is hoped that the observations reported in
this paper will stimuyate theoretical studies which may explsin
more satisfactorily the true origin arnd nature of the ccanvective

supergranulation.
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